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REMARKS 



Claims 1-33 are pending in the application. Claims 1-19 and 21-33 have been 
withdrawn and are hereby cancelled without prejudice: applicants expressly reserve the 
right to re- file claims 1-19 and 21-33 in a divisional application. Claim 20 has been 
finally rejected as being anticipated by Holmvall, Pfajf, or Kern and as being obvious 
over Qu. 

Applicants respectfully request that the Examiner enter the instant amendments of 
claim 20 as the amendments address all of the outstanding grounds for rejection, do not 
raise issues of new matter, and do not present new issues requiring further consideration 
or search. 

The proposed amendments to claim 20 clarify that the crystallographic 
coordinates of the I-domain of the al chain of the alpl integrin, or a complex comprising 
an aipi integrin, or homologs thereof, are employed computationally or experimentally 
to perform a fitting operation between the chemical entity and the alpl integrin I-domain 
or complex thereof, thereby obtaining data related to the association. Holmvall, Pfaff 
Kern, and Qu do not describe the use of crystallographic coordinates of the I-domain of 
the al chain in the method of claim 20 as specified in the proposed amendments. 
(The complete texts of Holmvall, Pfaff, Kern, and Qu are attached for the Examiner's 
consideration.) 

Holmvall, Pfaff and Kern do not disclose the use of crystallographic data to 
evaluate interactions involving a chemical entity and a ligand. Holmvall used affinity 
chromatography to assess the binding of alpl and a2pi integrins to collagen type II. 
Similarly, Pfaff determined that alpl and a2pi integrins, when purified by collagen 
affinity chromatography, showed distinct binding to mouse tumor laminin-1. Kern 
investigated the interactions of aipi and a2pl integrins and collagen IV using solid 
phase and inhibition assays. 

Neither Holmvall, Pfaff, nor Kern disclosed a method for evaluating the ability of 
a chemical entity to associate with an I-domain of the a 1 chain of the al pi integrin, or a 
complex comprising an alpl integrin, or homologs thereof, which used each and every 
limitation specified in the proposed amendments of claim 20. Accordingly, none of those 
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three references anticipate the method of claim 20 as specified in the proposed 
amendments. 

Qu determined the high-resolution crystalline structure of the I-domain of CD1 la 
with bound manganese ion and investigated the structural features of affinity modulation 
and ligand binding in this domain. Qu did not suggest, however, that the CD1 la I- 
domain crystalline structure could be used in a fitting operation to assess the association 
between a chemical entity and an I-domain of CD 1 la. Nor is there any support for the 
Examiner's assertion that Qu 's mere identification of CD1 la's I-domain crystalline 
structure rendered the method of claim 20 - which evaluates interactions involving a 
chemical entity and a different ligand - prima facie obvious. 

The Examiner has not established any factual basis which provided those of 
ordinary skill in the art with a reason, suggestion, or motivation to use Qu 's crystalline 
structure of the I-domain of CD1 la in a method which enables evaluation of the 
association between the chemical entity and an I-domain of the al chain of the al pi 
integrin, or a complex comprising an aipi integrin, or homologs thereof. 

In light of all of the foregoing, Applicants respectfully submit that the instant 
amendments of claim 20 should be entered and that claim 20 should be passed to issue. 
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Binding of purified collagen receptors (alfil, alfil) 

and RGD-dependent integrins to laminins and lflminfa fragments 

Martin PFAFF. Walter OOHRING, Judith C. BROWN and Rupert TCMPL 
Mix-Planck-Institut £0r Biochemie, Mardnsiied, Oennsny 

(Received June 24, 1994) - BJB 94 0916/1 

Integrins alfil and o2£l, when purified by collagen affinity chromatography, showed distinct 
binding to mouse tumor laminin-1, which has the chain composition alpiyl. The binding was, 
however, about 10-fold lower than to collagen IV. Only little (aifii) or no binding (<r2£l) was 
observed to two different laminin isofonns (<z2/ftyl, o2/?2yl) from human placenta. Binding to 
laminin-1 was abolished by EDTA and could be specifically inhibited by antibodies to the respective 
integrin a subunit These antibodies also inhibited cell adhesion to collagens. The binding of soluble 
integrins was weaker than that of immobilized integrins but could be enhanced by an activating 
antiO&l integrin). No enhancement was observed for immobilized integrins. Studies with laminin-1 
fragments demonstrated lack of binding to the majGr cell- adhesive fragment E8 from the long arm, 
fragments E3 and E4, involved in hepadn-binding and self-assembly, respectively, and fragment PI, 
corresponding to the inner segments of the short arms. A larger short-arm fragment (ElXNd), which 
lacks the N-tenmnal /ft chain domains V and VI, was as active as laminin. Tbgether, these results, 
suggested the localization of the binding sites for alfil and a2fil to the N-tenninal region of the 
laxninin d chain. Fragment PI but not intact lamtnin-1 bound to cEV>S3 integrin in an EDTA-sensitive 
and RGD-sensitive manner, underscoring previous data on the cryptic nature of the ROD site in 
laraimn-1. Further analyses by surface plasmon resonance assays demonstrated a 50 nM for 
a2^/laimnin-l binding and a^ D = 450 nM for crV/Q/rragment PI binding and confirmed the anti- 
• /ft-mcdiated increase in affinity for alfil. 



Larjurdn, which exists as various isofonns, has been 
established as a major cell-adhesive protein by its binding 
to several integrin and non-integrin receptors (ITmpl, 1989; 
Mecham, 1991 ; Kramer et al., 1993). Integrin <x6fil was orig- 
inally identified as an abundant receptor for laminin-1 de- 
rived from the Bngclbreth-Holm-Swarm (BHS) tumor (Son* 
nenberg et al, 1988), which has the chain composition 
al/fayl(for nomenclature see Burgeson et al., 1994). The 
binding activity was localized to fragment E8, which corre- 
sponds to C-tenninal domains from the distal end of the long 
arm of laniinin (Aumaillcy et si, 1987; 1990a; Sonnenberg 
et al., 1990; 1991; Goodman et al, 1987; Hall et al., 1990). 
This interaction was shown to be essential for embryonic 
kidney development and is probably als o important for many 
more biological activities of laminin (Ekblom, 1993). The 
E8-bindtng site is dependent on the conformation, with a ma- 
jor contribution made by the al chain (Deutzmann et al., 
1990). Some muscle or melanoma cell lines seem to use the 
related integrin cdfil instead of a6/fr for binding to E8 (von 
der Mark et al. t 1991 ; Kramer et al, 1991). Further integrins 
implicated in laminin binding are cdfilQMl et al, 1990; 
Foruberg et aL, 1990; Tawilet al, 1990; Rossino et al, 1990; 
Kramer et al., 1990) and a2fil (Slices and Hemler, 1989; 
Languino et al., 1989; Kirchhofer et al., 1990), which are 
also the major receptors for various collagen types (Vanden- 
bergetal , 1991; Gullberg et al, 1992; Pfaff et al, 1993; 
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Kern et al., 1993), and c3fil (Oeblsen et al, 1989; Sonnen- 
berg et al, 1991). EHS tumor laminin-1 also possesses a 
cryptic RGD site which is recognized by fil and /& integrins, 
although their corresponding a chains have not been firmly 
identified (Aumaiiley et al., 1990b; 1991). 

Superimposed on the diversity of integrin binding to EHS 
tumor laminin is the complexity generated by different lami- 
nin isofonns (Timpl and Brown, 1994). Cell attachment and 
neurite-stLmnktion studies with placental laminin variants 
(a2fiiyl % c&filyl) demonstrated mediation by fil integrin but 
no major role for the «6 subunit (Brown etal, 1994;Engvall 
et al., 1992). These observations were recently extended in 
studies with K562 cells transacted with either cc3 or cc6 inte- 
grin snbunits (Delwelet al, 1993; 1994). The data indicated 
a strong binding of a6/ft to EHS tumor larninhvl and weaker 

but difltinrl binding tO Ct2 chflin -ra ntaining Inminin isofonilS 

and a further isaform referred to as lamxnin-5 (o3/3y2). Inte- 
grin a3fil was a more specific receptor for lnrrrirrin-5 and 
reacted only weakly or not at all with the other isofonns. 

In the present study, we have investigated the binding of 
collagen receptors and several RGD-dependent integrins to 
three different laminin isofonns. This was carried out with 
purified jflt»grmtt in order to allow quantitative analyses and 
to avoid complications arising from attachment studies with 
cells, which usually possess a complex repertoire of inte- 
grins. The data indicated similar and specific interactions of 
alfil and c2fil integrins with laminin-1. The binding of 
RCHMependent integrins was restricted to aVfft and aHbfft 
with no activity observed for aSfii, 
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MATERIALS AND METHODS 

Protein Uganda, fragments and peptides 

The preparation of the laminin-l-nidogen complex and 
collagen IV from the mouse BHS tumor and of several lami- 
nin-1 fragments (E3, E4, £8) followed established protocols 
(Tlmpl et al., 1987). Laminin-1 fragments ElXNd, P1X 
(Mann et al., 1988) and PI (Aumailley et al, 1990b) were 
obtained as previously described. Samples of laminin-l-nido- 
gen were, in addition, dialysed against either 0.1 M glycine/ 
HC1, pH 1.9, or 0.1 M acetic acid, pH 3, incubated for 24 h 
at 25 °C and subsequently dialysed against 0.05 M Ttis/HCl, 
0.1 M NaCl, pH 7.1 Laminin-2 and laminin4 (chain compo- 
sitions ot2j?lyl and c2filyl t respectively) were purified from 
neutral salt extracts of human placenta (Brown et al. t 1994). 
A mixture of both isofonns in approximately equimolar pro- 
portions was prepared by omitting the MonoQ separation 
step. Recombinant mouse nidogen was obtained as pre- 
viously described (Fox et al, 1991). Collagen IV and its frag- 
ment CB3 (Kern et al., 1993) were kindly supplied by J. Eble 
(Martinsried, Germany). Human plasma fibronectin (Beh- 
ringwerke) and vitronectin (Yatohgo et al., 1988) were puri- 
fied by heparin affinity chromatography. Human fibrinogen 
(Calbiochem) and synthetic ORODS peptide (Bachem) were 
obtained from commercial sources. 



Purification of integrins 

The sources of integrins were fresh human placentae or 
outdated human platelets. Single placentae were washed with 
water and extracted with 1 M NaCl in a neutral buffer con- 
taining protease inhibitors but no detergents (Brown et al., 
1993 ; Pfaff et al., 1993). The residue was then homogenized 
in 500 ml buffer A (0.05 M Ths/HCl, pH 7.4, 0.15 M NaCl, 
1 mM Mad* 1 mM MgCl a 0.1 mM CaCl*, 0.5 mM phenyl- 
methylsulfonyl fluoride and 1 ug/ml each of aprotinin, anti- 
pain and leupeptin) containing either 0.5% Triton X-100 
(Roth) or 25 mM octylglucoside (Senn Chemicals AG), 
stirred overnight at 4°C and the supernatant collected by cen- 
triftigation at 8000Xg. The extraction step was repeated once 
and the combined supernatants centrifuged at 30000X# and 
stored at -20°G The washing and detergent extraction of 
platelets was performed as described by Vandenberg et al. 
(1991). 

Affinity chromatography was carried out using 100- 
200ml aliquots of the extracts on 5-10 ml columns of li- 
gands which were coupled to CNBr-activated Sepharose 
(Pharmacia) following the manufacturer's instruction. The li- 
gands used were the human collagen IV peptide CB3 (Kern 
et al., 1993) kindly provided by J. Eble (Martinsried, Ger- 
many), the synthetic peptide GRGDSPK (Pytela et al„ 1987) 
kindly provided by Dr H. G, Zerwes (Sandoz), rat collagen 
I (Pfaff et al., 1993) and a 140-kDa elastase fragment of 
human fibronectin kindly provided by H. Richter (Martins- 
ried, Germany), which is equivalent to the cell-binding chy- 
motryptic 120-kDa fragment used previously (Pytela et al., 
1987). Integrin al/ftwas obtained on peptide GB3 from pla- 
cental extracts in buffer A containing 0.5% Triton X-100 
following a previously described eluuon protocol (Pfaff et 
al., 1993) which includes a final displacement step in buffer 
A containing 25 mM octylglucoside and 10 mM EDTA. Elu- 
ates were collected in 1.5 ml aliquots in vials containing 
25 ul 1 M MgCl 2 . Similar protocols were followed to purify 
a5/h integrin on the fibronectin fragment and integrin 
on GRGDSPK peptide using placental extracts with buffer A 



and octylglucoside. Integrin a2/?l was obtained from platelet 
extracts on collagen I (Vandenberg et al., 1991). Purified 
platelet integrin aUb/ft was kindly supplied by J. Engel 
(Basel, Switzerland) and H. G. Zerwes (Basel, Switzerland) 
and purified by conventional chromatography (Mtlller et al, 
1993). 

Purified integrins in the EDTA eluates were examined by 
SDS^olyacrylamide electrophoresis (5-15% polyacrylam- 
ide gels), concentrated by centrifugation in Centricon-100 
microconcentrators (Amicon) and, in the presence of 0.05% 
sodium azide, stored at 4°C Protein concentrations were de- 
termined by a micro biconchinic acid assay (Pierce) or by 
amino acid analysis after hydrolysis with 6 M HC1. 

Sources of antibodies 

Several polyclonal rabbit antibodies were used for detect- 
ing bound ligauds in solid-phase assays and immunological 
assays. They included antisera against laminins and lantinin 
fragments (Tunpl et al., 1987; Brown et al„ 1994), recombi- 
nant nidogen (Pox et al, 1991), fibronectin and various colla- 
gens which were prepared by standard protocols (Itapl, 
1992). Rabbit antisera against human fibrinogen (DAKO 
GmbH) and human vitronectin (Biomol) were purchased. 
Further antisera against human alfil integrin and the human 
£3 subunit were donated by A. Kern and J. Calvete (both 
Martinsried, Germany), and those against human oV#3 inte- 
grin (Gibco BRL) and against the cytoplasmic domains of 
rat al and human <z2, a5 and aV subunits (Chemicon Int.) 
were of commercial origin. Inhibitory and non-inhibitory 
monoclonal antibodies against integrins included anti- 
kbl (AIIB2) and anti-a5 (BIIG2, B1B5) supplied by C. H. 
Damsky (Hall et al., 1990), anti-^3 (P97) from J. Calvete, 
and anti-al (1B3.1) from 1 Bank (Brlesewitz et al., 1993). 
An activating anti-jJl (TS2/16; Arroyo et al., 1992) was sup- 
plied by R Sanchez-Madrid (Madrid, Spain). Commercial 
sources (Dianova; Gibco BRL) were used to obtain anti-£l 
(P4C10), anti-o2 (Gi9), anti-a4 (P4G9), anti-a5 (SAM-1), 
anti-dV (AMF-7), anti-allb£3 (P2) and anti-aV^5 (P1F6). 
These antibodies were either available in purified form (Gi9, 
P2, P4G9, AMF-7, SAM-1), as hybridoma supernatants 
(P97, AIIB2, BHG2, B1B5, TS 2/16) or as ascites fluids 
(1B3.1, P4C10, P1F6) and, if necessary, their inhibitory 
activities were checked in cell adhesion assays. 

Solid-phase binding assays with purified integrins 

Binding between integrins and proteins using one ligand 
immobilized onto plastic wells was detected by antibodies 
against the soluble ligand. The antibodies were diluted to 
concentrations yielding an absorbance (490 nm) of 1.0-2.0 
in regular ELISA. A previously described protocol (Pfaff et 
al., 1993) was used with some minor modifications. Coating 
of wells was carried out overnight at 4°C with ligands (2- 
30ug/ral) dissolved in 0.05 M Tris/HCl, pH7.4, 0.15 M 
NaCl (buffer B) containing, in addition, 2 mM MgQ a in the 
case of integrins. After blocking with 1 % bovine serum albu- 
min (Serva) in buffer B, all subsequent washing and binding 
steps (1-2 h, room temperature) were performed in buffer B 
containing 1 mM MnCl 3 , 1 mM MgCl*, 0.1 mM CaCl a and 
0.04% Tween 20. Goat anti-rabbit IgQ coupled to peroxidase 
(Bio-Rad) was used as second antibody. In inhibition assays, 
integrins were incubated (30 min) with monoclonal antibod- 
ies before adding the ligand. When required, activating anti- 
body (TS2/16) was added after the incubation step. Peptide 
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Flg.1. Electrophoresis of integrios purified from human pla- 
centa or platelets. The integrins <xifit f cOfii, a5fi t tiffi and alfi)/S 
were analysed in non-teduoed (N) or reduced (R) fonn. Staining 
was with Coomassie brilliant bloc. Positions of reduced calibrating 
proteins are indicated in the left margin. 



ORODS was added together with the ligand to immobilized 
integrins. 

Surface plasmon resonance binding studies 

A BIAcore™ biosensor system (Pharmacia Biosensor) 
together with the manufacturer's supplementary materials 
was used for real-time binding experiments (FSgerstam et aL, 
1992; Karisson et aL, 1991). The carboxymethylated dextran 
layer of Sensor chip CM5 was equilibrated in 10 mM Hopes, 
pH 7 J, 0.15 M NaCU 3.4 mM EDTA, 0.05% (by vol) BIA- 
core P20 surfactant, then activated with 0.05 M AT-ethyl-//'- 
(3^1iemylammopropyl)carbcdiir^ 0.05 M AZ-hydroxysuc- 
cinimlde dissolved in water (7 rnin). 35 ul of the first ligand 
dissolved at 50 ug/ml in 10 mM sodium acetate, pH 5.4, was 
injected at a flow rate of 5 uVrnin. Residual activated ester 
was then blocked with 50 ul 0.1 M ethaiiolarninc and washed 
with 20 ullOmM EDTA in order to remove non-covalently 
bound ligand Binding studies with the second ligand were 
performed in binding butler, as used in the solid-phase bind- 
ing assays (see above). Different concentrations of oQfit inte- 
grin (20-80 ug/ml) and aV/fc integrin (25-140 ug/ml) were 
used to determine association rate constants (fco). Dissoci- 
ation was monitored by replacing the integrin solution with 
binding buffer. For activation, integrin a2/ft was mixed with 
0.2 vol antibody TS2/16. Kinetic rate constants were calcu- 
lated with Microsoft Excel version 4.0 and Macros supplied 
by the manufacturer. Equilibrium dissociation constants (K D ) 
were calculated from the ratio KsJk**. After each binding 
analysis, full regeneration of the bound ligand was achieved 
with 20 mM EDTA in buffer B. 



RESULTS 

Characterization of purified integrins 

Four human integrins were purified from placental or 
platelet extracts either by affinity chromatography on colla- 
gens IV or I (aljW, ct201). chromatography on a fibronectin 
fragment (<r5^1) or chromatography on synthetic GRGDSPK 
peptide (oV03). A fifth human integrin (aHb#3) was prepared 
from platelets by conventional chromatography without any 
affinity step (Mflller et aL, 1993). Analysis of these integrins 
by SDS/polyacrylamxde electrophoresis and protein staining 
revealed two major bands of the expected sizes with a char- 
acteristic shift in mobility after reduction, and indicated a 



purity >90% (Fig. 1). The integrins were further identified 
in immunoblots using monoclonal antibodies against the cor- 
responding a and fi subunits (not shown, but see Pfaff et aL, 
1993 for alpi). bnmunoblots and ELISAs with immobilized 
integrins were also used to identify possible contaminations. 
This revealed minor a5 and <rV bands in al/Pl which, how- 
ever, could only be visualized by protein staining after over- 
loading the gel. Integrin aV/8 showed a trace contarnination 
with the 05 chain and integrin a5/ft with the <N chain. In the 
case of aSftl, inhibitory antibodies against the aS subunit 
(SAM-1, P1E5 and BIIG2) blocked ligand binding to more 
than 90%, indicating that die contaminants do not contribute 
to the binding to a significant extent Tnus, the integrins ap- 
peared to be of sufficient purity for studying their interac- 
tions with larninins. 

Binding of al/ft and a2011ntegrins 
to different larnlnin Isofbnns 

Integrins dfii and <r2/H were originally identified as col- 
lagen receptors but have also been shown to interact with 
EHS tumor laminin-1, which has the chain composition 
al/ftyl, in ceU-attachrnent and affinity-chromatography 
studies (Hail et aL, 1990; Forsberg et aL, 1990; Elices and 
Hemler, 1989; Kramer et aL, 1990). A comparison of colla- 
gen IV and laminin-1 binding to immobilized al/fr and oQfil 
integrins confirmed their dual binding properties but showed 
an approximately 10-fold lower binding strength for Iaminin 
(Fig. 2). The binding of soluble integrins to immobilized 
laminin-1 was distinctly weaker. The interactions with lami- 
nin-1 depended on divalent cations and were abolished by 
EDTA (Fig. 3). The specificity of binding was also demon- 
strated by inhibition with specific anti-al and anti-a2 mo- 
noclonal antibodies (not shown, but see Fig. 4). EHS tumor 
larninin-1 is usually extracted as a stoichiometric non-cova- 
lent complex with nidogen. In order to exclude the participa- 
tion of nidogen, we used a recombinant form and found only 
marginal bmding to «l/ft and <r2/fr integrins. This binding 
seemed to be largely non-specific since it was only partially 
inhibited by EDTA (Fig. 3). Furthermore, we studied the ex- 
posure of laminin-1 -nidogen complex to acidic conditions as 
used subsequently for the preparation of pepsin fragments PI 
and P1X. Incubation at pH 1.9 or 3 (24 h, 25°C) caused no 
degradation of inminin and did not change the binding activ- 
ity for ol/ft and aZfti integrins (data not shown). 

Two further ffltmnin isoforms from human placenta, lami- 
mn-2 and laminin-4 (chain compositions a2ftlyi and oQfilyl, 
respectively) were used as a mixture in additional binding 
studies. No binding was observed to immobilized or soluble 
aQfil integrin, while a very weak but EDTA-sensirive reac- 
tion (absorbance of 0.1 at 20 ug/ml) could be detected with 
soluble but not immobilized at/ft integrin. Stronger binding 
was observed with aHb/ft integrin (absorbance of 0.25 at 
20 ug/ml) but was still 10-100-fbld lower than the binding 
to fibronectin and fibrinogen. Studies with separated l a mi nin - 
2 and laminin-4 demonstrated that both bind aUb/?3. 

Mapping of fntegrin-binding sites on temhnn-1 

Several batches of defined laminin-1 fragments which 
cover most of the Iaminin structure (Timpl et aL, 1987; En- 
gel, 1993) were used to map the bmding sites for al/frand 
a2^1 integrins (Fig. 3). Hie activity of fragment ElXNd was 
similar to that of intact laminin-1, even though a few batches 
with lower activity were also found. This fragment consists 
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Fig. 2. Comparative binding or collagen XV and laminin-1 to Immobilized alpl (A) and o2fii (B) intcgritu. The soluble llgands were 
collagenase-solubilized collagen IV (▲) and lanrinm-l-nidogen complex (O) from the EHS tumor. 
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Fig. 3. Binding of fragments of EHS tumor lamlnln-1 and its fragments to Immobilized al/ft (A) and a2^l(B) integrins. Soluble 
llgands (denoted at the top) wet* used in the absence (white bats) or presence (black bars) of 20 mM EDTA. The data are expressed relative 
to the binding of 10 ug/ml collagen IV (Col 4), which was set to 100% (see Fig. 2). All other soluble ligands were used at 30 ug/ml and 
included lamixiin-l-nidogen complex (LN), several laminin-1 fragments and recombinant nldogen. 



of most of the short arm structures of laminin except for the 
distal portion of the pi chain (Mann et al. f 1988). Fragments 
PI and P1X, which lack additional distal portions, were in- 
active. The loss of activity was due to pepsin degradation 
and not to the incubation at acidic pH as shown above. In 
addition, no activity was usually observed for fragments E3* 
E4 and E8, the latter being the major cell-adhesive fragment 
of EHS tumor laminin-1 (Aumailley et aL, 1987; Goodman 
et al M 1987). Some batches of the heparin-binding fragment 
E3 showed distinct binding to both integrins but this binding 
could not be inhibited by EDTA and was completely inhib- 
ited by heparin (< 20 ug/ml). 



The involvement of typical ligand-binding sites of alpl 
and o2^1 integrins in the interaction with fragment ElXNd 
was demonstrated by the sensitivity to EDTA (Fig. 3). This 
was further shown by specific inhibition with either anti-al 
or anti-a2 or in both cases by anti-^1 (Fig. 4). Further inhibi- 
tion assays were performed for integrin al01 (15 nM) and 
a201 (10 nM) binding to immobilized laminin-l/nidogen 
using soluble protein ligands. Laminin-1, fragment ElXNd 
and collagen IV caused, however, increased integrin-binding 
rather than inhibition, particularly at high concentrations 
(30-140 nM). This is very likely caused by lamdnin self as- 
sembly via its ElXNd sites (Yurchenco and Cheng, 1993) 
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Fig. 4. Inhibition of lainmln fragment ElXNd binding to immobflixed cdfii (A) and rtfil (B) Integrina by monorlonnl antibodies 
against integrin summits. The inhibitors were anti-/ft AIIB2 (A hybridoma supernatant, starting dilation 1:10, only this single dilution 
was used in A), anti-ffl 1B3.1 (• ascites, starting dilution 1 : 100) and anti-a2 Gi9 (O purified antibody, starting concentration 30 ug/ml). 



labia L Activation of cdfil integrin and ttifil integrin binding 
to Iaminin fragment ElXNd with antf-/91 (TS2/16). Binding is 
expressed relative to the binding in the absence of TS2/16, which 
was set to 100%. The conresponding absorbance values (490 nm) 
were 0.41 (1 0 ug/ml) and 0.57 (30 ug/ml) fox aljfrl , ind 0.05 (1 0 ug/ 
ml), respectively, and 0.09 (30 ug/ml) for cQft\ . The Inhfbitars were 
added before incubation with TS2/16. Inhibiting monoclonal anti- 
bodies were those of Fig. 4 and used at 20 ug/ml (antL-ct2) or a 
1:200 ablution (anti-ol). 
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and by collagen IV binding via nidogen (Fox et aL, 1991). 
A smaller 70-kDa collagen IV Augment CB3, which binds 
both integrins (Vandenberg et aL, 1991; Kern et aL, 1993), 
inhibited Iaminin binding of al/ft (concentration causing 
half-maximum binding = 35 nM) and <r2£l (concentration 
causing half-maximum binding ™ 140 nM). 

As observed for Iaminin, the interaction with fragment 
ElXNd was less pronounced when the mtegrins were used 
in soluble instead of iinmobilized form, particularly with 
cr2/ft. This could reflect a different status of integrin activa- 
tion and we therefore used the activating anti-^1 monoclonal 
antibody TS2/16 (Arroyo et al., 1992) to improve the binding 
activity of soluble integrins (Table 1). A dramatic increase in 



binding could be observed for a2fii and a moderate increase 
for ol/tt integrin, the increases being dependent on the inte- 
grin concentration. The activated binding of <rl/ft. could be 
reduced, to almost background levels by EDTA and antkrl, 
indicating that both the activated and non-activated binding 
were due to specific integdn-ligand interactions. A similar 
inhibition by EDTA and anti-a2 was also observed for the 
cQfii interaction, but only for the contribution due to the 
activation step. This mdicates that the low binding of non- 
activated a2/ft integrin to ElXNd is non-specific. Interest- 
ingly, similar activation studies with TS2/16 antibody using 
immobilized al/fr and t&fil integrins demonstrated no sig- 
nificant changes in the binding profiles for ElXNd (data not 
shown). 



Integrin binding to a cryptic RGD site 
on the tnraiwfa c& chain 

Tjfflrim'n fragment PI, which lacks affinity for ol^l and 
adfii integrins, was previously shown to become a cell-adhe- 
sive substrate (AumaiDey et aL, 1987) after the exposure of 
a cryptic ROD site by pepsin digestion (Aumailley et al., 
1990b). Tbe interaction was partially sensitive to anti-^1 and 
anti-03 (Aumailley et al. v 1991) but the a subunits involved 
have not yet been identified. We, therefore, examined the 
interaction of three ROD-denendent integrins with laminin-1 
and its fragment PI. A distinct interaction was observed be- 
tween immobilized <rV/B integrin and Iaminin fragment PI 
(Fig. 5 A), although it was weaker than the interaction of the 
integrin with vitronectin and fibronectin. No reaction was 
observed with EHS tumor laniinin-1. Integrin oUb^3 also 
bound to fragment PI but, in addition, to a lower extent to 
lammin-1 (Fig. 5Q. Neither larninin nor fragment PI bound 
to aSfft integrin (Fig.5B). The «rV/B/Pl interaction was 
shown to be specific since its inhibition with ORGDS peptide 
was similar to that observed for other RGD-containing li- 
gands (Fig. 6). 
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Fig. 6. Inhibition of binding of RGB-containing Uganda to Immo- 
bilized aV/fc Integral by synthetic GRGDS, The soluble Uganda 
were vitronectin (□), fibronectin (O), fibrinogen (A) and laminin 
fragment PI (♦). They were used at 10 |ig/ml, except for PI (30 ugY 
ml), and mixed with GRGDS before being added to <xV/?3, The level 
of binding in the absence of GRGDS was set to 100%. 



Kinetic analysis of integrin binding to laminin 

Biosensor technology was used for a more precise quanti- 
tative analysis of several of the integrin interactions. Lami- 
nin-1 or several of its fragments were covalently coupled via 
lysine residues to a dextran layer and incubated with different 
concentrations of integrins in the same binding buffer used 



also for the solid-phase assays (see above). This revealed a 
distinct binding of a2jJl integrin to both laminin-1 and frag- 
ment BlXNd with comparable rate constants and a Ka of 
about 50 nM (Table 2). Similar studies with immobilized col- 
lagen IV and aipl and dlfft integrins gave a KrM the range 
2-7 nM (W. Gfihring and J, Eble, unpublished observations) 
in agreement with a similar difference observed in solid- 
phase binding assays (Fig. 2). Further studies demonstrated 
that addition of TS2/16 antibody to a2£l integrin caused a 
threefold decrease in k« m which was independent of the li- 
gand concentration used in the preceding binding step, As- 
suming a 1 : 1 stoichiometry of the soluble a2j£L/antibody 
complex, a twofold higher and a K D of 9 nM could be 
calculated (Table 2). Any other stoichiometry would yield an 
even higher affinity either by an increase in the molecular 
mass (e.g. at a 2:1 ratio) or a decrease in the concentration 
(ratio <1). Therefore since this is a maximum K D value, 
it indicates a clear increase in integrin affinity due to the 
antibody. 

Kinetic and thermodynamic parameters were also ob- 
tained for <N/f3 integrin binding to laminin fragment PI and 
demonstrated a K D of approximately 450 nM in two separate 
experiments (Table 2). However, insufficient binding of crl/fr 
integrin to laminin-1 or fragment ElXNd was observed to 
allow a precise analysis. Since binding of al/ftwas observed 
for collagen IV, this indicates that the coupling reaction has 
interfered with the activity of laminin. 



DISCUSSION 

Tomaselli et al. (1988) were the first to show that a par- 
ticular cellular receptor, not identified at that time, can func- 
tion as a dual collagen/laminin receptor. Since then many 
more reports (see Introduction) have confirmed this observa- 
tion and demonstrated the Involvement of two integrins, alfil 
and a2£l. Because of the large structural differences between 
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parameters and dissociation egnfflbriinn constants &>) of integrin-laminlii interactions measured by surface 
Ab indicates a complex with activating antibody TS2/16. For cY03, values of two independent measurements are 
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the two protein ligands, several intriguing questions have 
arisen relating to the affinity and specificity of these interac- 
tions. Further data demonstrated different laminin-binding 
activities for a201 integrin, depending on its cellular origin 
Pices and Hemler, 1989; Languid et aL, 1989; Kirchhofbr 
et aL, 1990) and were considered to reflect different states of 
integrin activation (Chen and Hemler, 1993; Kawaguchi and 
Hemler, 1993). In die present study, we have therefore puri- 
fied crt/fr and oQ.pi integrins on a preparative scale by colla- 
gen affinity chromatography in order to study their affinity 
for various lamimn isof arms and laminin fragments in U~ 
gand-binding assays. 

Both integrins, when used in immobilized form, showed 
distinct binding to larninin-1 (chain composition alfilyl) but 
with a 10-fold lower strength than to collagen IV. These in- 
teractions were sensitive to EDTA and could be inhibited by 
antibodies to 01 , al or cd integrin subunits, as can cell adhe- 
sion and ligand binding to various collagens mediated by the 
same integrins (Kern et al, 1993; Pfaff et al., 1993). Two 
human placenta laminin isoforms, larninin-2 (ofl^lyl) and 
laminin-4 (<&fi2yl) t which differ from larninin-1 in one or 
two chains, showed, however, negligible binding to ol/ft and 
cQfil integrins. These isoforms bind to o6/ft and more 
weakly to <&01 integrin, as has been shown with transfected 
K562 cells (Delwel et al., 1993; 1994), demonstrating mat 
integrins distinguish between different larninins. Integrin 
(££1 from endothelial cells but not from platelets was re- 
ported to hind to large pepsin fragments of human placental 
larninins (Languino et aL, 1989; Kirchhofer et aL, 1990) but 
these fragments may originate from four different isoforms 
including laminin-1 (Bngvall et aL, 1990). The binding of 
endothelial alfil and cdpl integrins to larninin-1 was also 
shown by affinity chromatography (Kramer et al., 1990). 

Another aim of our study was the mapping of ligand 
sites. Equal binding activities for laminin-1 and its short arm 
fragment ElXNd were found with al^l integrin and <Ofil 
integrin. This binding was specific since several other short 
arm (PI, P1X, E4) and long arm (B3, E8) fragments of lami- 
nin-1 and the lamiiiin-binding nidogen were inactive ligands. 
The binding site for a20i integrin has not been mapped be- 
fore, while a few previous studies with al/ft integrin are in 
agreement with our observations. These studies were per- 
formed with the El fragment, which is related to ElXNd, 
and showed partial inhibition of choriocarcinoma cell adhe- 
sion to El by anti-ol (Hall et aL, 1990) and the binding of 
hepatocyte orl/ft integrin to fragment El but also E8 in affin- 
ity chromatography (Forsberg et al., 1990). The latter obser- 
vation for E8 is, however, at variance with our ligand-binding 
data. The short arms of laxninin-1 axe contributed by the N- 
termlnal regions of all three chains (Engel, 1993) and appear 
TVcU preserved in the elastase fragment ElXNd except for 



the loss of *<600 N-terminal residues (fragments E4, E10) in 
the 11 chain (Mann et aL, 1988). Pepsin fragments P1X and 
PI, which also lack substantial distal portions (domains VI 
and V) of me al and yl chain (Oerl et aL, 1991), were in- 
active ligands. Furmermore, the active laminin-1 and the in- 
active laminin-2 differ only in the al and cf2 chains. To- 
gether, these data suggest a localization of the binding sites 
for erf/ft and a£ftl integrins to the N-terminal region of me 
laminin ol chain. C^nfirrnationof topredicti 
binding studies with a corresponding fragment, which has so 
far not been generated by proteolysis but may be obtained 
by recombinant production. 

Integrins alpl and o2ftl bind to various collagen iso- 
forms (types I, IV and VI), which differ in chain composi- 
tions and their binding affinities. This binding requires a tri- 
ple-helical configuration and unfolding of the triple helix in- 
activates these binding sites but exposes new sites recognized 
by RGD-dependent mtegrins (Vandenberg et aL, 1991; 
OuUberg et al., 1992; Kern et aL, 1993; Pfaff et al., 1993). 
The major binding sites have been localized to two different 
regions of collagen IV fragment CB3 (Kern et al., 1993). The 
same fragment also inhibits laminin binding, albeit at high 
concentrations, but this does not distinguish whether inhibi- 
tion occurs by competition for identical binding sites or by 
steric hindrance. Further evidence has been provided that 
al/fr integrin requires two Asp and one Arg residue from 
three different collagen IV chains in precise triple-helical 
juxtaposition (Eble et aL, 1993). Rom these data, it appears 
unlikely that the same binding structure will exist on frag- 
ment ElXNd, which implies that the two integrins have dif- 
ferent binding sites for collagens and larninins. Whether ol 01 
and &01 integrins bind to the same or different sites on 
fragment ElXNd remains an open question. Circumstantial 
evidence with die BIAcore biosensor system would favour 
the second interpretation. 

Evidence for the binding of RGD-dependent integrins to 
jymfalnn has so far been scarce (Kramer et al., 1990; Aumail- 
ley et al., 1990b, 1991) and we therefore used three more 
purified integrins f<r5/tt, erV/33 and aHb/8) in similar binding 
studies. Previous studies have shown that an RGD site in the 
mouse al chain is cryptic in native laminin and not con- 
served in the human al chain, while another ROD in the 
latter chain has only low binding activity (Anmailley et al., 
1990b). The cryptic nature of the mouse laminin aX ROD 
was confirmed in binding studies with cV03 integrin, which 
binds, although with low affinity, to the cell-adhesive frag- 
ment PI but not to mouse laminin-1. The flbronectin receptor 
aS0[ did not, however, bind to either ligand. The platelet 
fibrinogen receptor altbfft bound not only to fragment PI 
but also to some extent to Iamin1n-1 as well as to laminin-2 
and laminin-4. The a2 chain of the latter two larninins does 
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not contain an ROD sequence (Vuolteeaaho et al., 1994), but 
oJSbffc integrin is a receptor of broad specificity and also 
binds to related sequences in fibrinogen and some disinte- 
grins (Phillips et al, 1991; Scarborough et al. t 1991). A 
screening procedure with purified RGD-dependent integrins 
seems, therefore, to be useful for detecting binding sites on 
various laminin isoforms which may not easily be discerned 
in cell-adhesion assays. Whether laminin binding plays a role 
in platelet aggregation remains an open issue. Platelet adhe- 
sion to kminin-1 is entirely mediated by a6fil and not by 
aHb/73 integrins (Sonnenberg et al., 1988), in agreement with 
our data. 

The ligand-binding activity of integrins can be modulated 
by the cellular environment and may also differ when inte- 
grins are studied in detergent-solubilized form (Hynes, 1992; 
Frelinger et al., 1991). The molecular basis of these observa- 
tions is not well understood. Yet it was shown that certain 
monoclonal antibodies against fii (Arroyo et al., 1992; 1993) 
and )83 (O'Tbole et al., 1990) integrin subunits increase affin- 
ity, probably by inducing a conformational change in the in- 
tegrin. This could be demonstrated with antibody TS2/16, 
which increases binding of cellular or solubilized a2£l inte- 
grin to collagen and laminin (Arroyo et al., 1992; Chan and 
Hcmler, 1993). This is similar to our observation that TS2/ 
16 strongly increases the very low binding of soluble a2fi\ 
integrin to immobilized laminin and fragment BlXNd. A 
similar, although less marked, activation was observed in the 
binding assay with soluble aifil integrin. However, no acti- 
vation could be achieved in assays with immobilized inte- 
grins, even though the antibody was still able to bind to the 
epitope as shown by ELISA. Probably, adsorption of inte- 
grins to a plastic surface causes a comparable conformational 
activation which cannot be increased further by the antibody. 
This may also explain why solid-phase assays with immobi- 
lized integrins, as shown here, are often superior to assays 
with soluble integrins. 

A sophisticated molecular analysis of integrin-ligand in* 
teractions will depend on the knowledge of kinetic and 
thermodynamic parameters. We have, therefore, used a novel 
biosensor technology (Fagerstam et al., 1992) for such analy- 
ses. Similar K D values of about 50 nM were determined for 
alfil integrin binding to immobilized laminin-1 and frag- 
ment ElXNd, in agreement with a comparable binding ob- 
served in immobilized receptor assays. The affinity was 
increased at least fivefold in the presence of antibody TS2/ 
16 and most of the increase was due to a reduced dissociation 
rate. A similar TS2/16-mediated increase in affinity was re- 
cently reported for the aSfil integrin binding of U937 cells 
to fibronectin (Arroyo et al., 1993). The binding of crVjS3 
integrin to fragment PI was, however, of low affinity (K D = 
450 nM) in contrast with 100- fold higher affinities deter- 
mined for PI binding to various cells (Aumailley et al„ 
1987). This indicates either a low level of activation for solu- 
bilized <rV£3 or that other (fil) integrins participate in cellular 
binding. Despite its good activity in plastic-immobilized 11- 
gand assays, soluble alfil integrin did not bind to immobi- 
lized laminin in the biosensor system. This suggests that the 
covalent coupling of laminin to the sensor chip has inacti- 
vated the binding site for alfil but not a2fil integrin, which 
in turn suggests that the binding sites for these two integrins 
may be different. Such inactivation is not uncommon in these 
assays and may be overcome by varying the coupling reac- 
tion in order to immobilize the protein ligands via different 
amino acid side chains (Khilko et al., 1993). This could 



therefore make such biosensor assays a powerful tool in fu- 
ture integrin studies. 
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The triple-helical cyanogen-broniide-derived fragment CB3[IV] of collagen IV, located 100 nm 
from the N-terminus of the molecule, contains the binding sites for the integrins alfil and alfil. To 
investigate the interaction of these integrins and collagen IV, we performed solid-phase and inhibi- 
tion assays using as receptor isolated alfil and alfil. The ligands used were the binding-site-bearing 
trimeric peptide CB3(TV] and its shorter tryptic fragments F1-F4. Using titration curves, in which 
the binding of soluble receptors to coated ligands and the binding of soluble ligands to coated 
receptors were analyzed, the binding sites for crl/ft and o2/fr were in different but adjacent areas of 
CB3[TV]. Triple-helical conformation and distinct primary structures were required for the interac- 
tion. Dissociation constants (JQ, for the affinity of integrins for collagen IV, were determined in 
the 1-nM range in the presence of Mn 2+ and big". In the absence of Mn a+ , the K* values indicated 
a 30-60-fold decrease in the affinities, which for alfil was further reduced by adding Ca 2+ . In the 
presence of Ca 2+ and Mg* + the affinity of collagen IV for alfil was four-times higher than for 
alfil. 



Collagen IV is the main structural component of base- 
ment membranes (Timpl, 1989). Recently it has been shown 
that collagen IV exists in several different isoforms. The 
molecule of the major and ubiquitous form is a heterotrimer 
with the chain composition [al(IV)] 3 a2(IV) (Dieringer et aL, 
1985; Vandenberg et al., 1991). Three additional minor a 
subunits, «3(TV), a4(IV) and o5(IV), have been discovered, 
mainly in glomeruli, but also in some other basement-mem- 
brane tissues (Saus et al., 1988; Gunwar et aL, 1990; Hos- 
tikka et aL, 1990). a3(IV) and a4(IV) appear to build a 
heterotrimeric molecule similar to that of the major isoform 
(Johansson et al., 1992); the molecular organization of 
<z5(IV) is not known. The ubiquitous collagen IV, die classi- 
cal form, builds a network which determines the biochemical 
stability and the macromolecular organization of basement 
membranes. In addition, it is used as a scaffold into which 
the other constituents of this tissue are incorporated 
Ofurchenco and Schittny, 1990). Another important function 
of collagen IV is its participation in the interaction of base- 
ment membranes with cells (Aumailley and Timpl, 1986; 
Vandenberg et al., 1991). The cell-surface receptors alfil and 
alfii specifically mediate adhesion of cells to collagen IV 
(Vandenberg et al., 1991). They belong to the fil or very- 
late-antigen (VLA) integrins, a subclass of the integrin fam- 
ily which is mainly responsible for the interaction of cells 
with constituents of the extracellular matrix. 



Correspondence to KL Ktihn, Max-Flanck-Institut fUr Bio- 
chemie, W-8033 Martinaried, Germany 
Fax: +4989 8578 2422. 

Abbreviations. CB9[ffl], trimeric cyanogen-bromide-derived 
peptide of collagen m; CB3[IV], trimeric cyanogen-brontide-de- 
rived peptide of collagen IV; F1-F4, trypsin-derived fragments of 
CB3[TV]; 7S, N-texminal crosslink domain of human collagen-IV 
molecule; NCI, C-texmmal non-collagenoua globular domain of col- 
lagen-IV molecule; VLA, very-late antigen synonymous with fil- 
containing integrins. 



Recently, we have localized the binding sites of the colla- 
gen-IV molecule for alfil and a2fil to a 150-aniino-acid seg- 
ment of the triple helical domain, approximately 100 nm 
from die N-texminal end of the molecule (Vandenberg et al., 
1991). Since this segment possesses intermolecular disulfide 
bridges which connect the three a chains, it could be isolated 
in an intact triple-helical conformation after cyanogen-bro- 
mide cleavage; it is designated CB3[IV]. Further limited 
treatment of the CB3[IV] with trypsin, produced the shorter 
triple-helical segments F1-F4 (Fig. 1A), which can now be 
used for a more detailed investigation of the interaction be- 
tween collagen IV and the integrins <Afil and alfil. Here 
we report the interaction of CB3[IV] and its trypsin-derived 
fragments with integrins using solid-phase and inhibition as- 
says, alfil and a2^t use two distinct binding sites located 
on two neighbouring triple-helical segments of collagen IV. 
Dependent on divalent cations, affinity of collagen IV for 
a\pi was found to be higher man for alfil. 

MATERIALS AND METHODS 

Purification of receptors 

The purification of alfil and alfil, described earlier 
(Vandenberg et al., 1991), was slightly modified. To isolate 
al^l, homogenized and washed human placenta was ex- 
tracted with buffer A (50 mM Tris/HCl, pH7.4, 150 mM 
Nad) containing 1% reduced Triton X-100 (Aldrich), 1 mM 
MgClj, 1 mM phenylmethylsulfonyl fluoride, aprotinin, leu- 
peptin and antipain (1 ug/ml each). The hompgenate was 
ttntrifuged at 23000? for 30min and after adding 1M 
MnCU to a final concentration of 1 mM, the supernatant was 
applied to a CB3{TV]-Sepharose column. The column was 
washed with 50 mM Tris/HCl, pH 7.4, 300 mM NaCl, 1 mM 
MnCl 3 , contacting 0.1 % reduced Triton X-100. Triton X-100 
was exchanged against n-octylglucoside by washing the 
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Fig. 1 . Schematic representation of CB3[IV] and its tryptlc fragments (according to Vandenberg et aL, 1991). (A) Cyanogen bromide 
cleaved the d(IV) chain at Met290 and Met575 and ff2(JV) at Met407 and Mct573. It resulted in a trimeric peptide in which the a chains 
are connected by disulfide bridges. Treatment of CB3[IV] with trypsin gave four short trimeric fragments. The bars indicate the length and 
position of the triple-helical region of F1-F4. The protruding crl or <*2 chains, at both ends of the triple helices, are not taken into account 
PI, fitlOV) positions 376-558 and a2(IV) position! 406-554; F2, al(IV) positions 429-558 and a2(IV) positions 433-554; F3, aim 
positions 376-520 and a2(IV) positions 406-516; F4, ol(IV) positions 430-520 and oMJY) positions 433-516. (B) Amino add sequence 
of human crl (TV) and «2(IV) chains covering the triple-helical region of CB3[IV] (taken from Brazel et at, 1988). The non-triple-helical 
interruption of crl (IV) and a2(JV) are indicated by lines below and above the sequences, respectively. N-tennmal and C-tenninal ends of 
the triple-helical regions of die individual fragments are designated! Position numbers of the aligned fltlflV) and a2(IV) chains are indicated. 
They dp not coincide with the residue numbers of the single chains (Brazel et aL, 1988). The dots above the amino acid sequence indicate 
every 10th position along the sequence. 



column with buffer A containing 25 mM n-octylglucoside, 
1 mM MnCU and 0.02% sodium azide. Bound ol^l was 
finally eluted with buffer A containing 25 mM n-octylgluco- 
side in the presence of 10 mM EDTA. 

For the isolation of a2p[, platelets were extracted as de- 
scribed previously (Vandenberg et al M 1991). Affinity chro- 
matography was performed using a collagen-I-Sepharose 
column (10 cm X 2 cm, Img protein/rnl Sepharose) equili- 
brated in buffer A containing 25 raM nKXrtylglucosidc, 1 mM 
MgCla, 1 mM MnCU and 0.02% sodium azide. Bound a2fft 
was eluted in the presence of 25 mM n-octylglucoside as de- 
scribed above. EDTA eluates were adjusted to 20 mM 
MgCl 3> concentrated in Centricon-100 columns and washed 
twice with buffer A amtaining 25 mM n-octylglucoside, 
1 mM MgCl 2 and 0.02% sodium azide. Protein concentration 
was determined using bicinchoninic acid (Piexce). As de- 
scribed in Vandenberg et al. (1991), purity of all receptor 



preparations was analyzed by SDS/PAGE and Coomassie- 
blue staining. For overloaded gels, no contamination of crl/?l, 
with «2, or a2/ft, with al, could be observed, nor were other 
proteins detected under, these conditions. Since placenta ex- 
tract contained, beside al/tt , small amounts of or2/ft, we per- 
formed a Western-blot analysis of the atfil preparation using 
a polyclonal antibody against a2 (kindly provided by Dr. K. 
von der Mark). Contamination with a2 could not be ob- 
served. 

Purification of ligand proteins 

Human collagen I and collagen IV were isolated after 
pepsin treatment of placenta as described (Fuji! and Kuan, 
1975; Tlmpi et al., 1981). The N-tenninal cross-link domain 
of human collagen IV (7S) was prepared according to Kuhn 
et al. (1981). The C-terminal non-collagenous globular do- 
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main (NCI) was isolated from human placenta using a two- 
step collagenase treatment described previously (Ober- 
bttumcr et al., 1985). Human collagen in was purchased from 
Sigma. Pepsin-derived collagen VI (with intact triple-helical 
domain) murine laminin, human vitronectin and fibronectin 
were generously supplied by Drs. Aumaillcy and Timpl. Iso- 
lation of the tumeric cyanogen-bromide-derived fragment 
CB3[IV] and its tryptic fragments F1-F4 was performed ac- 
cording to Vandenberg et aL, (1991) witb modifications. Af- 
ter the first separation of the tryptic digest of CB3[IV], using 
a TSK 3000 SW Ultrapac column, Fl was chromatographed 
again using a Mono Q HR 5/5 column (Pharmacia) using a 
gradient of 0-2 M NaQ in a 20mM Ttis/HCl, pH8.0 con- 
taining 2 M urea. F2-F4 were separated on a Mono S HR5/ 
5 column (Pharmacia) in 20 mM sodium acetate, pH 3.7, 
containing 2M urea, applying a gradient of 0— 2M Nad 
The fragments were cluted in die order F4 V F3 and F2 and 
their purity was checked by SDS/PAOE using 8-18% poly, 
acrylamide gel. Reduced and non-reduced samples were in- 
cluded in the analysis. 

The C-terminal trimeric cyanogen-bromide-derived pep- 
tide of collagen IE, CB9[m], was chromatographed with 
CB3IJV]. The two fragments were separated on a Mono Q 
HR 5/5 column (Pharmacia) in 20 mM Tris/HCl, pH 8.0, 
containing 2 M urea with a gradient of .0-2M Nad 

For a complete and irreversible denaturation, collagen IV 
and the fragment CB3[IV] had to be denatured, reduced and 
carboxymethylated. The procedures described in Vandenberg 
et al (1991) were used. 

Blotinylatlon of proteins 

Collagen I CB3[IV] and F1-F4 were lyophilized and 
dissolved in 0.1 M sodium acetate, pH 8.3, 0.5 M NaQ. Af- 
ter determination of the protein concentration, a 10-fold 
molar excess of sulfosuccininudyl 6-(biotinamido) hexanoate 
(Pierce), freshly dissolved in 0.01 M acetic acid was added. 
After 30 min, the reaction was terminated by adding a 20- 
fold excess of glycine (stock solution 1 M glycine in 0.1 M 
acetate, pH 8.3, 0*5 M Nad). Reaction products of low-mo- 
lecular mass were removed by ultrafiltration (Ultrafree MC, 
1000 NHWL, Mihpore). 

Thermal denaturation 

Unfolding of the triple helix, during thermal denaturation 
of F1-F4 and CB9[DI], was recorded by CD spectroscopy. 
Mean molar elliptic! ties. (0) were monitored at 222 nm with 
an autodichrograph Mark IV (ISA Jobin Yvon) in a thermo- 
stated cell (Hellma) with 1-mm path length. Temperature was 
increased 20-60°C with a linear rate of 20°C/h using a ther- 
mostat (RKS20, Lauda) with an automatic programmer 
(PM351, Lauda). The fragments (approximately 100 ug/ml) 
were dissolved in 50 mM sodium phosphate, pH 7.4, contain- 
ing 0.1 M NaQ. The degree of conversion was calculated as 
described by Bttchinger et aL (1980). 

Solid-phase assays 

Collagens I, HI, IV, CB3[IV], CB9[m], 7S[IV], NCI [IV] 
and F1-F4 were dissolved in 0.5 M acetic acid Laminin, 
fibronectin, vitronectin and collagen VI were dissolved in 
buffer A containing 0.02% sodium azide and the in t eg rin s 
al 01 and a2fll were dissolved in buffer A with 1 mM MgCU, 
1 mM MnCl 2 and 0.02% sodium azide. For coating of the 



96-well ELISA plates (Greiner), 100 ul protein solutions 
(2.5 ug/ml or 25 ug/ml) were added to each well and incu- 
bated for 16 h at 4°C. Only human collagen IV was coated 
for 1 h at room temperature. Tb block the remaining non- 
specific protcm-bindmg sites, the microtiter plates were 
treated with 100 ul of buffer B (buffer A containing 1% bo- 
vine serum albumin, 25 mM n-octylgluco&ide, 1 mM MgCt* 
1 mM MnCi a and 0.02% sodium azide) for 1 h and were 
finally washed three times with the same solution. 

Tb analyze receptor binding, ttl/fr or cQfil was dissolved 
in buffer B, and 100 ulAveU of this solution were incubated 
with the fixed ligand for 60 min. Non-bound receptors were 
removed by aspiration and washing three times with 100 ul/ 
well buffer B. Bound receptors were first incubated with a 
rabbit anti-(human fit) serum (diluted 1:200 in buffer B) for 
90 min. After washing three times with buffer A containing 
0.01% Tween 20, 1 mM MgCl 2 , and 1 mM MnCU (buffer 

C) , the receptors were treated with goat and-(rabbit IgQ) 
coupled to horseradish peroxidase (Sigma), diluted 1:800 in 
buffer C for 90 min. Finally, peroxidase activity was mea- 
sured using a staining kit from Pierce with tctramethylbenzi- 
dine as substrate. Non-specific binding, -which varied be- 
tween 3% and 4%, was measured in the presence of 10 mM 
BDTA. Absorption was measured at 450 nm using an ELISA 
Reader (MR 600, Dynatech). All experiments were per- 
formed in triplicate. 

In an inhibition assay, binding of alfil and a2fft to colla- 
gen IV was prevented by CB3[IV] and F1-F4. alffi and 
a2fil were dissolved in buffer B and incubated for 30 min 
with increasing concentrations of CB3PV], Fl, F2, F3 or F4 
in buffer A. The concentration of the receptor protein was 
2.5 ug/ml. 100 ul each mixture was then added to wells 
coated with collagen IV. After 60 min, non-bound proteins 
were removed by washing the wells with buffer B and bound 
receptors were detected as described above. Each experiment 
was performed in duplicate. 

For binding experiments with biotinylated fragments of 
collagen IV (modified acccadingto Charo et al., 1990), al£l 
and <x2/ft were coated onto plastic (coating concentration 
2.5 ug/ml, 100 ul/well). After blocking non-specific-binding 
sites with buffer A containing 1% bovine serum albumin, 
1 mM MgCla, 1 mM MnCl 3 and 0.02% sodium azide (buffer 

D) , serial dilutions of CB3[IV], Fl; F2, F3 or F4 in buffer D 
were incubated with the fixed receptors for 120 min at room 
temperature. After washing the wells three times with buffer 
D, bound biotinylated proteins were detected with horserad- 
ish peroxidase coupled to streptavidin (Sigma, 1 ug/ml) dis- 
solved in buffer D (100 ul/well). After 60 min, the wells 
were washed three times with buffer A and bound peroxidase 
activity was measured as mentioned above. Non-specific 
binding of biotinylated CB3[TV] was determined by inhibi- 
tionwith a 40-fold excess of non-labelled CB3[IV]. Similar 
results were obtained in the presence of 10 mM EDTA. Non- 
specific binding of F1-F4 was measured in the presence of 
10 mM BDTA It did not exceed 10%, All experiments were 
performed in triplicate. • 

\ lb determine the number of receptor molecules immobi- 
lized on the plastic surface, the coating efficiency of al/tt 
and c2fii was analyzed. The receptors were radiolabeled 
using Na l25 I (Amersham) and Iodobeads (Fierce). Iodine 
which did not bind was removed by ultrafiltration. The iodin- 
ated integrins were added to non-radiolabelled trl/ft and 
o2f!l 9 dissolved in buffer A containing MnCl a and MgCl 3 
(final receptor concentration 2.5 ug/ml). After coating, the 
bound receptors were removed from microtiter plates with 
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Temperature (°C) ' 

Fig. 2. Ttonud-dcnatandioii profiles of bovine collagen m (+) 
and human CB9[in] (x). Preparations were soluble in 0.05 M so- 
dium phosphate, pH 7.4, conhuning 0.1 M NaCL Profiles were re- 
corded using circular dichroism at 222 nm and a linear temperature 
gradient of 20°Oh. The melting temperatures (fj are indicated 
( ). Degree of conversion AwAB^. 



0.5 M NaOH and 0.1% SDS. Radioactivity was measured is 
a scintillation counter (Cobra Auto-gamma, Packard). The 
coating efficiency of both receptors was determined to be 
50-60%. 

The coating efficiency of collagen IV and CB3[IV] was 
compared as described in Vandenberg et al. (1991). The val- 
ues were comparable and varied 30-50%. 

Antibodies against the human integrln-^1 submit 

cQfii was separated on SDS/PAGE (7.5% actylamide) 
and protein bands were visualized by a short staining for 
15 min with 0.25% Coomassie blue in 50% ethanol 10% 
acetic add. Bands corresponding to the /ft subunit were ex- 
cised from the gels, homogenized with complete Freund's 
adjuvant and injected into rabbits. Booster injections were 
made after four weeks with /ft -containing bands and after 
eight weeks with complete alfil. Blood was collected two 
weeks after each injection and tested in EUSA assays. 

RESULTS 

alfil and alfil interact with triple-helical collagen IV 

Adhesion of cells, such as HT1080 (human fibrosarcoma) 
or RuOli (rat glioblastoma) to CB3[IV] (Vandenberg et al, 
1991), containing the major cell-binding site of collagen IV, 
depends on an intact triple helix. There are, however, reports 
that cells can also adhere to non-triple-helical fragments and 
short peptides of collagen TV (Chelberg et al, 1990; Wilke 
and Furcht, 1990). We investigated whether die isolated inte- 
grals alfil and alfil are able to differentiate between an in- 
tact triple-helical structure and unfolded a chains. We found 
that soluble alfil and alfil bound to native collagen IV, but 
not to denatured collagen IV, coated onto a plastic surface 
(data not shown). Similar experiments have been performed 
with native and denatured CB3[TV] which contain die major 
recognition sites for ol/tt and alfil. No binding of the two 
receptors to denatured CB3PY] could be observed (data not 
shown). 

alfil and alfil are the typical collagen receptors of the 
integrin family. TTiey bind to collagen IV as well as to several 
other collagen types (Tbmaselli et al., 1988; Kramer and 




m « m 
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loafltJtnM). 

Fig. 3. Binding of (A) alfil and (B) dfil to collagen m (+), colla- 
gen IV (A), GB3TJV] (O) or GB9X01] (X) coated onto plastic 
for 90 min (25 pg/ml, 100 ulAreU). After incubation for 90 min at 
increasing concentrations of ol/ft and oQfti, bound receptors were 
detected by BLISA using antibodies against fit. Colour development 
was measured at 450 nm using terramethylbeczidine as peroxidase 
substrate. Non-specific binding, determined in the presence of 
10 mM BDTA was subtracted Fractional occupancy Y, the ratio of 
actual absorbanoe (A) to maximal absoibance (AJ, is plotted ver- 
sus concentration of receptor. Data represent means of triplicates, 
deviation below 10%. 



Marks, 1989; Clyman et al., 1990; Staatz et al., 1989; Igna- 
tius et al. t 1990), e.g. the fiber forming collagens I and m 
(Pig. 5A and B). The question arose, as to whether the triple- 
helical structure is sufficient to bind alfil and alfil or 
whether additional sequence information is necessary. We 
therefore compared the binding capacity of the two integrins 
to the entire collagen HI and its trimeric C-terminal cyano- 
gen-bromide-derived peptide CB9[m]. Since the alQE) 
chains are disulfide bridged at the C-terminal end, CB9[m] 
was expected to refold to a triple-helical conformation after 
isolation. Before the binding experiments were performed, 
the triple-helical conformation of CB9[m] had to be exam- 
ined by CD spectroscopy. CB9[HI], as well as the entire col- 
lagen-m molecule, exhibited at 222 nm die characteristic 
positive molar eHipticity of an intact triple helix. CD at 
222 nm was then used to measure die transition curves of the 
two collagen preparations. Although the denaturation tem- 
perature of the CB9[nri fragment was 3°C lower than that 
of the entire molecule, it clearly possesses a triple-helical 
conformation at 25 °C (Fig. 2). The binding experiments 
revealed that the two receptors alfil and alfil bound to col- 
lagen m as well as to collagen IV, whereas an interaction 
with the fragment CB9[HI] could not be observed (Fig. 3A 
and B). 
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Fig. 4. Inennal-denatnretion profflas of F3 (■) and F4 (A). Ex- 
perimental details ate described in legend to Fig. 2. Hie two melting 
temperataies, ■ 37 °C and ^ = 50°C are indicated. 



In the same manner as described for collagen m and 
€39(111], the stability of the triple-helical conformation of 
CB3[IV] and PI -F4 was investigated (Fig. 4). With the ex* 
ception of F4 r Ft, F2 (data not shown) and F3 showed a 
triphasic melting curve with two transition temperatures (t„) 
of 37°C and 50°C The higher ^ value conld be ascribed to 
F4, the central part of Fl, which is stabilized by intramolecu- 
lar disulfide bonds. The lower k value reflected the thermal 
stability of the two terminal triple-helical segments. All bind- 
ing experiments with al/ft, alfil and the ligands were per- 
formed at 25°C, which ensured an intact triple-helical con- 
formation of the collagen-IV fragments. 

Binding of alfil and alfil to a variety of extracellular 
matrix constituents 

We compared the amounts of alfil and alfil which bind 
to coated collagens I, m, IV and VI and to the non-collage- 
nous adhesive proteins fibronectin, vitronectin and laminin, 
using an ELISA assay with antibodies against the fil subunit 
present in both integrins. alfil showed the highest affinity 
for collagen IV (Fig. 5 A), whereas alfil had high affinity for 
collagen I (Fig. 5B). Collagen VI exhibited a relatively low 
affinity for al/ft and no affinity for alfil. Binding to non- 
collagenous proteins was not observed under the conditions 
used. Only laminin was an exception, with a low but distinct 
binding capacity for alfil (Fig. 5A). As expected from cell- 
adhesion experiments, the terminal NCI and IS domains of 
collagen IV did not show any affinity for the two integrins. 

Interaction of alfil and alfil with CB3QV] and F1-F4 

Tb analyze the interaction of integrins with the different 
collagen-IV fragments, two series of experiments were per- 
formed. The first one was designed as an inhibition assay. 
Collagen IV was coated onto plastic and the binding of alfil 
and alfil to the fixed collagen IV was inhibited by the dif- 
ferent fragments . In the case of the reaction of collagen 
IV was completely inhibited by all five fragments (Fig. 6A). 
With alfii, only CB3PV], Fl and F3 were able to inhibit 
F4 , lacking the N- terminal and C-tenninal triple-helical seg- 
ment of Fl, did not show any inhibitory activity. F2, which 
contains in addition to the C-tenninal triple-helical segment 
of Fl only the weak recognition site for alfil, exhibited lim- 



A 
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Fig. 5. Binding of (A) alfil and (B) alfil to coated extracellular* 
matrix proteins (collagens I, in, IV and VI), the fragment of 
collagen IV (7S, NCI), the collagen-m fragment (CB9fm]), the 
adhesive proteins fibronecttn (FN), vitronectin (VN)i laminin 
(LN) and bovine serum albumin (25|igVml» lOOuVwefl). 0.5 \ig/ 
weQol^l or a2fi\ were incubated for 90 min. Bound receptors were 
$rtrrm in ~* as described in the legend of Fig. 2. Absarbance at 
450 nm of orl^l -bound collagen IV was set to 100%. Data represent 
means of triplicates. 



ited inhibition capacity (Fig. 6B), less than one would expect 
from the binding curve shown in Fig. 8B. The reason for this 
discrepancy may be that die maximal concentration of 
500 nM F2, used in the inhibition assay, was not high enough 
to reveal an optimal effect 

lb complement the results of the inhibition assays using 
a second series of experiments, the receptors were coated on 
plastic and the binding of increasing amounts of biotinylated 
fragments was analyzed. Biotinylaricm did not interfere with 
die specificity of ligand-receptor interaction; it increased, 
however, to a small extent non-specific interaction with the 
receptor. Thus binding of biotinylated CB3[IV] to alfil and 
alfil was almost completely inhibited by a 40-fold excess of 
non-labelled material (Fig. 7). The low binding activity, 
which was still observed, represented non-specific binding, 
since the same rest activity was found in the presence of 
10 mM HDTA, which inactivates the receptor. Non-specific 
binding of biotinylated F1-F4 was then determined in the 
presence of EDTA. Binding of the different ligands to alfil 
and alfil, as measured by titration,. correlated essentially 
with inhibition experiments discussed above. Thus all frag- 
ments bound to the same extent to crl^l (Fig. 8A) f whereas 
alfil had a significantly lower affinity or no affinity for F4 
and F2, respectively (Rg. 8B). 

According to die method of Heyn and Wdschet (1975), 
the saturation curves were linearized Hie slope of the 
straight line gives UK*. The amount of binding sites is calcu- 
lated from the negative intercept of the y-axis. 0.2-0.3 pmol 
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Fig. 6. Capacity of GB3KV] and F1-F4 to Inhibit die binding of 
(A) alfil and (B) fl2£l to collages IV. The integrins (15 ng/rol) 
were incubated with increasing amounts of CB3[TV] (O). PI (•), 
F2 (□), F3 (■) and F4 (A) for 30 rnin before adding to coated 
collagen (5 ug/ml,. 100 ul/weH). After a 60-min incubation bound 
receptors were detected as described in the legend of Fig. 3. Absor- 
bancc of bound receptor m the absence of inhibitor was set to 100%. 
Data represent means of duplicates. In Fig. 6A, inhibition curves of 
P2 and P3 are not shown, for reasons of clarity. 
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Fig. 8. Specific binding of Motinylated Fl(«), F2 (□), F3 (■) 
and F4 (A) to coated (A) aifi or (B) o2j?l (8 nmoVwell) In the 
presence of 1 mM MnQa and 1 mM MgQ* Non-specific binding 
(less than 10%), determined m the presence of 10 mM HDTA, was 
subtracted. Alter a 2-h incubation, bound fragments were deter- 
mined as described in Fig. 7. Data represent means of triplicates. 
Fractional occupancy (Y) was calculated as described in the legend 
to Fig. 3. 




OJ- f- ■ -■— | ■ i i i ■ ■. , , | . ( 

0 20 40 B0 60 

oonoantrattonofCB3{(V3 (nM) 

Fig. 7. Binding of falotinylated GB30V] to alfil (O) and cOfil 
(♦). The receptors were coated onto plastic (0.45 pmol irnmobilized 
receptor/well). Biodnylated C33[IV] was incubated for 2 h in the 

presence ( ) or absence ( ) of a 40-fold excess of non-bioriny- 

lated CB3[IV]. Bound biodnylated CB3[IV] was determined using 
pcroxiaase-coupled streptavidin and tetrameihylbenzidhie as sub- 
stratum. Specific binding ( ) was calculated as me difference of 

total and non-specific binding. Data represent means of triplicates. 



alfil or a20l/well were active in binding the collagen-IV 
ligands, which is approximately 50% of the protein immobi- 
lized during coating. In the presence of Mn 2+ , which in*, 
creases the affinity of several integrins for their ligands,. the 
affinity of alfil and alfil for the fragments was similar to 
values of about 1 nM. Omission of Mh a+ reduced the af- 
finity of CB3[TV] for alfil to a greater extent than for alfil 
(Table 1). Addition of Ca a+ , to resemble the in vfw> situation, 
had no effect on the binding of CB3[TV] to alfil.. However, 
it did reduce the affinity of this fragment for alfil. Under 
these conditions the affinity of collagen IV for alfil is four 
times higher than for alfil. 



DISCUSSION 

The aim of our investigations was to analyze the interac- 
tion of the integrins alfil and alfil with the triple-helical- 
binding sites of collagen IV in detail. For this purpose, the 
investigation of cell adhesion to collagen IV proved to be 
limited Although adhesion of the o2/ft-containiag HT1080 
cells to CB3[TV] could be inhibited completely by antibodies 
against GB3[TV], attachment of these cells to the entire colla- 
gen-IV molecule was inhibited 709b, so that 30% of cell 
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Ikble 1. Dissociation constants (I^cal^ 
and Wdschet (15)75), from titration carves of Motinylated 
CB3[IV] and F1-F4 bound to coated cdfil and tOfil (aee Fig. 7 
and Fig. 8]k Ligand/receptor interaction occurred in the presence of 
25 mM n-octylgluooside, 1 xnM MnCl, end 1 mM MgO»- Hie bind- 
ing of CB30V] to crt/tt and alfil was additionally measured in the 
absence of MnQ», in the presence I of 1 mM MgCk or in the presence 
of 1 mM MgCU and 2 mM CaQ a . ~, not determined. 



Frag- Kt for integrin 

ment ■ 

alfil cOfil alfil alfil alfii alfil 
with Mn J + with Mn a + with with with Mg 1 * withMg 2 * 
andMg» + andMg»+ Mg»* Mg»* andCa** andCa a+ 



oM 



CB3PV] 1 1-2 30 60 25 110 

Ft 1 1-3 - 

F2 1 20 

F3 1 1-2 - 

F4 1 300 - 



binding was caused by unknown effects (Vandenberg et al. t 
1991). We therefore performed these experiments with the 
isolated integrin receptors and used CB3pV] and F1-F4 as 
ligands. With this recepcor/ligand combination, we were able 
to show that interaction between alfil or alfil and collagen 
IV could be completely inhibited by CB3[IV], which finally 
demonstrated that CB3[TV] contains all the essential binding 
sites of collagen IV for the two integrins. However, solid- 
phase assays are artificial systems and do not always reflect 
the in vivo situation. Thus, it has been shown that integrins, 
separated from their natural environment, can alter to some 
extent their specificity (Cheresh et al, 1987; Conforti et aL, 
1990; Santoro, 1989; Stallcup et al, 1989; EUces et al., 
1990). 

We have performed the solid-phase assays in two dif- 
ferent ways. Either the ligand collagen IV and its fragments 
or the receptors alfil and dfil were coated onto the plastic 
surface and the binding of the soluble counterparts was ana- 
lyzed. The first system was mainly used for inhibition assays, 
where the inMbitor/receptor interaction occurred in solution. 
Using the second system, we first determined whether the 
binding capacity of the receptor is impaired by fixation onto 
plastic. Cornparing the number of receptor molecules immo- 
bilized on the plastic surface with the moles of ligands 
bound, it was established that 50% of the receptors were 
still active, assuming a stoichiometry of 1 : 1 for the receptor/ 
ligand complex. Using these two systems, analysis of the 
interaction of collagen IV, CB3[IV] and F1-F4 with alfil 
and alfil led qualitatively and quantitatively to comparable 
results. They were also in agreement with cell-adhesion ex- 
periments, in which binding of HT1Q80 cells, containing 
alfil, and RuGli cells, containing alfil, to collagen IV and 
its fragments were analyzed (Vandenberg et al., 1991). 

These studies enabled us to locate the binding site of 
collagen IV for alfil on fragment F4, representing a 74- 
amino-acid triple-helical segment Due to intramolecular di- 
sulfide bridges within F4> this binding site appears to be par- 
ticularly stable against unfolding and presumably also against 
proteolytic degradation. For £2/71, two binding sites, a major 
and a minor one, were detected in the area of Fl. The major 
one resides at the 26-amino-acid triple-helical segment of Fl, 
while the minor one, with a 20-fold lower affinity, is located 



at the C-terminal triple-helical part of Fl , which is 37-resi- 
dnes long. Both binding sites seem to be independent from 
each other, since Fl contains both a2/ft -specific sites and 
does not show a higher affinity than F3, winch comprises 
-only the major one. 

The titration curves of soluble ligands against coated re- 
ceptors or of soluble receptors against fixed ligands were 
used to calculate dissociation constants. In the presence of 
Mn a \ known to stabilize the interaction between distinct in- 
tegrins and extracellular-matrix ligands (Oailit and Ruoslahti, 
1988; Kirchhofer et aL, 1990b) and Mg* + , the affinity of 
alfil and a2fil for CB3[IV] was found to be in the 1-nM 
range. Removal of Mn** had a greater effect on alfil than 
on orl/tt. Without Ma 2 * and only in the presence of Mg*\ 
the affinity of alfil and alfil for collagen IV decreased 30- 
fold and 60-fold, respectively. After addition of Ca 2 * to in- 
cubations containing Mg 2+ » a further 2-fold reduction of the 
affinity of alfil for CB3[TV| was observed. In the presence 
of Mg* + and Ca 3+ , similar to the in vivo situation, the affinity 
of alfil for collagen IV was five-times higher than for alfil. 
Similar inhibitory or regulatory effects of Ca 2 * were ob- 
served for the adhesion of platelets to collagen and the bind- 
ing of alfil to collagen ligands (Santoxo, 1986; Grzesiak et 
al.1992). 

alfil and alfil are described as typical collagen and lam- 
inin receptors (Tbmaselli et al M 1988; Kramer and Marks, 
1989; Clyman et aL, 1990; Staals et al., 1989; Ignatius et 
aL, 1990; Hynes, 1987; Hall et aL, 1990; Languino et al, 
1989). Tb test our system, we compared the binding of die 
two integrins to several extracellular constituents, alfil and 
alfil bound best to collagen IV and the fiber forming colla- 
gens. As expected, laminin reacted with alfil but not with 
alfil t and mis is in agreement with observations mat for 
platelets alfil is specific for collagen IV but not for laminin 
(Slices and Heraler, 1989; Kirchhofer et al., 1990a). For 
other cells alfil recognized both ligands. Adhesive proteins, 
such as fibronectin and vitronectin, exhibited no affinity for 
these two integrins. 

The interaction of alfil with collagen I has been investi- 
gated in detail because this reaction is responsible for the 
adhesion of platelets, the initial step of platelet aggregation 
(Santoro et al., 1988; KunicM et al., 1988; Staatz et al., 
1989; Takada and Hemler, 1989). A major binding site of 
collagen I for alfil has been located within the cyanogen- 
brornide-derived peptide al(I)CB3 (Staatz et al., 1990) and 
the essential amino acid sequence was detennined to be K D 
G E A (Staatz et al, 1991). Also alfil, from hepatocytes and 
fibroblasts interacts with collagen I via crl(I)CB3 (Gullberg 
et al., 1989 and 1990). The exact binding site has not been 
investigated in detaiL Collagen m is also involved in platelet 
adhesion. Its major interaction site was located within the N- 
terminal cyanogen-biormde-derived peptide al(DI)CB3, con- 
taining the sequence K D G E S, very similar to the active 
sequence in collagen I (Morton et al., .1991). Significantly, 
these or similar sequences were not found in collagen IV, 
neither in the 26-rcsidue region within the major binding site 
of collagen IV for alfil, nor in the entire fragment CB3[TV] 
(Fig. IB; Vandenberg et al., 1991). Recently, the fibril form- 
ing collagen from the tube worm Rtftia pachyptila was also 
shown to bind cells although it does not contain the sequence 
D GE A (Mann et al., 1992). 

From tiie experiments presented here, we can deduce that 
two facts are important for the interaction of collagen IV 
with integrins alfil and alfil. These are, firstly, an intact 
triple-helical conformation and, secondly, some definite se- 
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quence ^formation. The triple helix is a necessary but not 
sufficient prerequisite. Although F4 has an intact stable triple 
helix, it does not interact with a2fii . The binding sites of the 
homologous <zl/ft anda2/ft an independent from each other 
in spite of their close vicinity. Use distinct primary structures 
of the two triple-helical segments select specifically either 
for aifil or a2fi\. The question arises, whether this is also 
true for other oollagens. At high molecular excess, it has 
been observed that cyanogen-bromide-derived peptides, with 
apparently no intact triple-helical structure, interact with cells 
or with isolated integrins (Staatz et aL, 1991 ; Gullberg et al., 
1989). It is f however, usual that this kind of reaction is more 
effective under conditions where at least a partial refolding 
of the triple-helical structure can occur (Morton et al., 1991) 
and that no activity is observed when refolding is impossible. 

lb what extent the primary structure of the triple-helical- 
collagen ligands selects for al/fr or c&fft is not entirely clean 
Significantly, the triple-helical segments comprising different 
amino acid sequences appear to interact with the same inte- 
grum This indicates a relatively broad specificity of die inter 
grins, which may be modulated from ligand to ligand. Closer 
inspection of the two-dimensional or three-dimensional dis- 
tribution of functional amino acids on the surface of the triple 
helix may give us a better insight into the principles of inte- 
grin/ligand interaction. An experimental approach to solve 
this problem could be the analysis of cross-links of the com- 
plexes between triple helices and integrins. 

The authors gratefully acknowledge the helpful discussions with 
Dr. Mats Paulsson and the expert technical assistance of Albert Ries. 



REFERENCES 

AumaUley, M. & Umpl, R, (1986) Attachment of cells to basement 
membrane collagen-type IV, / Cell Biol 103, 1569-1575. 

BKchinget, H. P., Bruckner, P., TimpL R Prockop, D. J. & Engel J, 
(1980) Folding mechanism of the triple helix in type m collagen 
and type d pN-coIlagen. Role of disulfide bridges and peptide 
bend isomerbadon, Eur J. Biochem. 106, 619-632. 

Brazel, D., Pollner, R, Oberbaumer t I. & KOhn, K. (1988) Human 
basement membrane collagen (type IV) The amino acid sapience 
of the a2(IV) chain and its comparison with the <rl(IV) chain 
reveals deletions in the ol(IV) chain, Eur. J. Biochem. 172, 35- 
42. 

Charo, I. E, Naantai, L, Smith, J, W. & Chereah, D. A (1990) 
The vitronectin receptor wfft binds fibronectin and acts in con- 
cert with aSfli in promoting cellular attachment and spreading 
on fibronectin, /. Cell Biol 111, 2793-2800. 

Chelberg, M. K., McCarthy, J. B„ Sknbitz, A. P. K, Furcht, L. T. & 
Isilibary, B. C. (1990) Characterization of a synthetic peptide 
from type IV collagen that promotes melanoma cell adhesion, 
spreading, and motility, / Cell Biol 111, 261-270. 

Chereah, D. A., Pytela, R, Pieischbacher, M. D., Klier, P. G. ( Ruos- 
land, E 8c Reiafeld, R A. (1987) An Arg-GW-Asp-directed re- 
ceptor on the surface of human melanoma cells exists in a diva- 
lent cation-dependent functional complex with the disialogangli- 
oaide GD2, / CeU Biol 105. 1163-1173. 

Clyman, R L, Turner, D. C. & Kramer, R H. (1990) An ol^l- 
like integrin receptor on rat aortic smooth muscle cells mediates 
adhesion to lamuiin and collagen types I and IV, Arteriosclerosis 
10, 402-409. 

Conforti, G., Zanettj, A, Fasquau-Ronchetd, I., Quaglino, D., 
Neyroz, P. & Dejana, B, (1990) Modulation of the vitronectin 
' receptor binding by membrane lipid composition. /. Biol Chan. 
265, 4011-4019. 

Dieringer, H., Hollister, D. W., Glanville, R. W., Sakai, L. Y. & 
KOhn, K. (1985) Structural studies of human basement mem- 
brane collagen with the use of a monoclonal antibody, Biochem 
/. 227,217 -222. 



Blices, M. J. 8c Hemler, M. E (1989) The human integrin VLA-2 
is a collagen receptor on some cells and a collagenAaminm re- 
ceptor on others, Proc. Natl Acad. Set USA 86, 9906-9910. 

Pujii, T. & KUhn, K. (1975) Isolation and characterization of pepsin* 
treated type m collagen from calf skin, Hoppe-SeyUr's Z Phy- 
siol Chem 356, 1793-1801. 

Gailh, J. &Ruotlahti, B. (1988) Regulation of the fibronectin recep- 
tor affinity by divalent cations, J. Biol Chem. 263, 12927- 
12932. 

Grzesiak, J. J., Davis, G. B., lUrchhofer, D. & Pierschbacher, M. D. 
(1992) Regulation of <r2^ -mediated fibroblast migration on type 

I collagen by shifts in the concentrations of extracellular Mg 3 * 
and Ca*+ J. CeU Biol 117, 1109-1117. 

Gullberg, D. 9 Tbrrado, U, Berg, T. K. 8c Rubin, K. (1989) Identifi- 
cation of integrin-like matrix receptors with affinity for intersti- 
tial collagens, I Biol Chem. 264. 12686-12694. 

Gullberg, D., Turner, D. T., Bug, T. K., Temcio, L 8c Rubin, K. 
(1990) Different /ft -integrin collagen receptors on rat hepato- 
cytes and cardiac fibroblasts, Exp. CeU Res. 190, 254-264. 

Gunwar, S., Sans, J M ffoelken, M. B. & Hudson, B. G. (1990) Glo- 
merular basement membrane: identification of a fourth chain, 
04, of type IV collagen, /. Biol Chem. 265, 5466-5469. 

Hail, D. R, Rmchardt, U R, Crowley, B., Ho&ey, B., Moezzi, H., 
Sonnenberg, A. & Damsky, C. H. (1990) The el/tt and «6£1 
integrin heterodimera mediate cell attachment to distinct sites on 
laminin, /. CeU Biol 110, 2175-2184. 

Heyn, M, P. & Wdschet, W. O. (1975) Circular dichroism and fluo- 
rescence studies on the binding to the a-subunit of tryptophan 
synthetase, Biochemistry 14, 2962-2968. 

Hostikka, S. L, Eddy, R. L., Byers, M. G., H&yhtya, M., Shows, T. 
B. & Tryggvason. K. (1990) Identification of a distinct type IV 
collagen a chain with restricted kidney distribution and assign* 
ment of the gene to the locus of X chromosome-linked Alport 
syndrome, Proc. Natl Acad. Set USA 87, 1606-1610. 

Hynes, R O. (1987) Integrins: a family of cell-Biirface receptors, 
Cell 48, 549-554. 

Ignatius, M. J., Large, T. H., Houde, M., Ttwil, J. W., Barton, A., 
Esch, E, Carbonetto, S. & Rdchardt, L. P. (1990) Molecular 
cloning of the rat ol-subunh: a receptor for laminin and colla- 
gen, J. Cell Biol 111, 709-720. 

Johansson, C, Butkowsld, R & Wieslander, J. (1992) Abstr. XII 
Meet Fed Eur. Connect. Tissue Soc, no. 19/9. 

Kirchhorer, D„ Langulno, L. R, Ruoslahd, B. 8c Pierschbacher, M. 

. D. (1990a) cQfii integrins from different ceil types show dif- 
ferent binding specificities, J. Biol Chem. 265, 615-618. 

Kirchhofer, D., GaOit, Ruoslahd, B., Gresziak, J. & Piersch- 
bacher, M. D. (1990b) &tira-d£pendent changes in the binding 
specificity of platelet receptor gp nh/IBa, J. Biol Chem. 265, 
18525-18530. 

Kramer, R H. & Marks, N. (1989) Identification of integrin collagen 
receptors on human melanoma cells, 7. Biol Chem, 264, 4684- 
4688. 

KUhn, K., Wiedemann, H., HxnpL R v Risteli, J., Dieringer, H., Voss, 
T. & Glanville, R W. (1981) Macromolecular structure of base- 
ment membrane collagens. Identification of 7S collagen as a 
cross- linking domain of type IV collagen, FEBS Lett. 725, 123— 
128. 

Kunicki, T. J., Nugent, D. L, Staata, S. J. Orchekowski, R P., 
Wayner, B. A. & Carter; W. G. (1988) The human fibroblast class 

II extracellular matrix receptor mediates platelet adhesion to col- 
lagen and is idendcal to me platelet glycoprotein Ia-IIa complex, 
J. Biol Chem. 263, 4516-4519. 

Langulno, R R, Gehlsen, K. R, Wayner, E., Carter, W. G., EngvaD, 
R 8c Ruoslahd, B. (1989) Endothelial cells use <r2/Tl integrin as 
a laminin receptor; /. Ceil Biol 109, 2455-2462. 

Mann, Gaill, F. & Tlmpl, R. (1992) Amino-acid sequence and 
cell auliesion activity of a fibril-forrning collagen from die tube 
worm Riftia pachyptila living at deep sea hycu^othcrmal vents, 
Bur. J. Biochem. 210, 839-847. 

Morton, L. P., Zijenah, L. S. t McCullougb, J. Y, Knight, G., Humph- 
ries, M. J. 8c Barnes, M. J. (1991) mtegrin-dependent platelet 
recognition sites in collagen. Identification of a short platelet 



0?01990i 



159 



reactive sequence in the collagen type Ill-derived fragment 
cl(m)CB3, Biochem, Soc. Trans. 19, 439$. 
Oberbanmer, L, Laurent, M, Schwarz, U., Sakurai, Y, Yamada, Y., 
Vogeli. G.. Voss, T, Siebold, B., OlanvSle, R. W. ft Kflhn, K. 
(1985) Amino add sequence of the non-collagcnous globular 
domain (NCI) of the al(IV) chain of basement membrane colla- 
gen as derived from wnimlejnentary DMA, Eur. J. Biochem. 147, 
217-224. 

Santoro, S. A. (1986) Identification of a 160,000 dalton platelet 
membrane protein that mediates the initial divalent catlon-depen- 
dent adhesion of platelets to collagen, Cell 46, 913-920. 

Santoro, S. A. (1989) Inhibition of platelet adhesion to fibronectin, 
fibrinogen & von Wfllebrand factor substrates by complex gan- 
gliosides, Blood 73, 484-489. 

Santoro, S. A., Rajpara, S. M, Staatz, W. D. ft Woods, V. L. (1988) 
Isolation and characterization of a platelet surface collagen-bind- 
ing complex related to VLA-2, Biochem. Biophys. Res. Commun. 
153, 2lf-223. 

Saus, I, Wleslander, J., Langeveld, J. P. M., Quinonea, S. ft Hudson, 
B. G. (1988) Identification of the Goodpasture antigen as the 
cr3(IV) chain of collagen IV, /. Biol Chenu 263, 13374-13380. 

Staatz, W. D., Fbk, K. F., Zutter, M. M, Adams, S. P., Rodriguez, 
B. A. ft Santoro, S. A. (1991) Identification of a tetrapeptide 
recognition sequence for the oQfii integrin in collagen, J. Biol 
Chem.266, 7363 -7367. 

Staatz, W. C, Rajpara, S. M., Wayner, B. A., Carter, W. G. ft San- 
toro, S. A. (1989) The rnembrane glycoprotein la-Da (VLA-2) 
complex mediates the Mjr"-dependent adhesion of platelets to 
collagen, 7. Cell Biol 108, 1917-1924. 

Staatz, W. C, Walsh, J. J., Pextori, T. & Santoro, S. A. (1990) Hie 
a2/ft integrin cell surface collagen receptor binds to the al(I)- 
CB3 peptide of collagen, /. Biol Chenu 26$, 4778-4781. 



Stallcup, W. B., Pytela, R* ft Ruoslahti, B. (1989) A neuroectoderm- 
associated ganglioside participates in fibronectin receptor-medi- 
ated adhesion of germinal ceOs to fibronectin, Dev. Biol 132, 
212-229. 

Takada, Y. ft Hemler, M E (1989) The primary structure of me 
VLA-2/coUagen receptor a2 subunit (platelet GPIa): homology 
to other intogrins and the presence of a possible collagen binding 
domain, /. CeU Biol 109, 397-407. • 

Timpl, R. (1989) Structure and biological activity of basement mem- 
brane proteins, Eur, J, Biochem, 180, 487-502. 

Xbnpl, It, Wiedemann, H., van Delden, V., Furthmayr, H. ft Kflhn, 
K. (1981) A network model for the organization of type IV colla- 
gen molecules in basement membranes, Eur. J, Biochem. 120, 
203-211. 

Ibmaselli, K. JU Damaky, C. H. ft Reichardt, L. F. (1988) Purifica- 
tion and characterization of mammaliim integrins expres sed by a 
rat neuronal cell line (PC 12): evidence that they function as 
<x//7heterodimeric receptors for laminin and type IV collagen, J. 
Cell Biol 107, 1241-1252. 

Vandenberg, P., Kern, A., Ries, A., Luckenbill-Edds, L., Mann, K. & 
Kflhn, K. (1991) Characterization of a type IV collagen major 
cell binding rite with affinity to the al/ft and the tQfii integrins, 
7. Cell Biol 113, 1475-1483. 

Wilke, M. S. ft Purcht, L. T. (1990) Human keratinocytea adhere to 
a unique heparin binding peptide sequence within the triple-heli- 
cal region of type IV collagen, J. Invest Dermatol 95, 264- 
270. 

Yurchenco, P. D. ft Sduttny, J. C. (1990) Molecular architecture of 
basement membranes, FASEB / 4, 1577-1590. 



I'lXIMtltlMKNTAI.rKM, KKSKAKCII 22 1 » 't'.Hi- fiO.'l I l*H). r ») 



Chondrocyte and Chondrosarcoma Cell Integrins with Affinity for 
Collagen Type II and Their Response to Mechanical Stress 

Karin Holmvall,* Lisbet Camper * Stafpan Johansson,! 
James H. Kimura.^ and Evy Lundgren-Akerlund** 1 

^Department of Cell and Molecular Biology, University of Lund, Sweden; \Dcpartment of Medical and Physiological Chemistry, 
Uppsala University, Sweden; and.tBone and Joint Center, Henry Ford Hospital, Detroit, Michigan 



Mechanical stress is an important regulator of chon- 
drocyte functions but the mechanisms by which chon- 
drocytes sense mechanical signals are unknown. Re- 
ceptors for matrix molecules are likely involved in the 
mechanical signaling. In the first part of this study 
we identified integrins with affinity for the cartilage- 
specific collagen type II. We report that the collagen- 
binding integrins 0*1/11 and o-2/Jl isolated from bovine 
chondrocytes or human chondrosarcoma cells hound 
collagen type II as judged from affinity chromatogra- 
phy. The integrins a'Afll or did not hind collagen 
type II-Sepharose. In the second part of the study we 
investigated the effect of mechanical stress on expres- 
sion of matrix molecules and integrin subunits. Chon- 
drocytes and chondrosarcoma cells, cultured on un- 
coatcd flexible silicone membranes in the presence of 
serum, were exposed to mechanical stress by the Flex- 
ercell system. Dynamic stimulation of chondrocytes 
for 3 h increased the mRNA expression of collagen type 
II and aggrecan as judged by Northern blotting, while 
the /?i-integrin subunit was not changed. When chon- 
drosarcoma cells were exposed to mechanical stimula- 
tion under the same conditions, mRNA expression of 
<*5 was found to increase while 01, a2, and av did not 
increase to significant levels. In another study the ef- 
fect of mechanical stress on integrins was investigated 
when the cells were cultured on collagen type II- 
coated flex-dishes. Three hours of dynamic stress in- 
creased the mRNA expression of or2-integrin subunit 
while the level of mRNA for integrin subunits Ph ah 
a5, and av showed no or small changes, indicating that 
matrix components may modulate the expression of 
integrins during mechanical stress* o loas Academic 

IVpws Inc. 



INTRODUCTION 

Chondrocytes are the only type of cells present in 
cartilage. They play a key role in cartilage homeostasis, 

' To whom correspondence and reprint requests should be ad- 
dressed at Department of Cell and Molecular Biology, Section for 
Extracellular Matrix Biology, P.O. Box 94, S-221 00 Lund, Sweden. 
Fax: +46 46 2113417. 



controlling normal turnover of matrix molecules, inte- 
grating the molecules into a functional matrix, and re- 
sponding to changes in load with appropriate remodel- 
ing. The biomechanical properties of the highly special- 
ized cartilage extracellular matrix depend on the 
structure and organization of the two major constit- 
uents, collagens and proteoglycans [1, 2], where colla- 
gen type II represents around 95% the collagens [31 
and aggrecan is prominent among the proteoglycans 
|4» 5|. Some of the cartilage proteins, such as collagen 
types II and VI, fibronectin, and chondroadherin (36 
kDa), have been shown to mediate adhesion of isolated 
chondrocytes and may thus have important functions 
in the communication between chondrocytes and the 
extracellular matrix [6-8]. 

Mechanical load is an important regulator of chon- 
drocyte metabolism and is a prerequisite for main- 
taining normal cartilage matrix properties (reviewed 
by Urban [9]). It is known that normal dynamic load 
stimulates the synthesis of collagen type II and proteo- 
glycans while a static load decreases this synthesis [10, 
111. Mechanical load may also affect the degradation 
of cartilage (91. The mechanisms by which mechanical 
signals are transformed into intracellular signals are 
not understood; however, cell surface receptors for ma- 
trix molecules are likely involved in these processes: 

Integrins are of prime importance for the adhesion of 
many types of cells to extracellular matrix proteins [12- 
14 j. They consist of two subunits, a and /?, and the extra- 
cellular domains of the a subunits have several divalent 
cation-binding sites. The integrins are excellent candi- 
dates for mechanoreceptors since they interact with ac- 
tin-binding proteins and thereby link the extracellular 
matrix with the cytoskeleton [15, 161. Wang and co-work- 
ers have shown that /31-integrins supported a stress-de- 
pendent stiffening response of the cytoskeleton when me- 
chanical stresses were applied with a magnetic twisting 
device [17], indicating that /?l-integrins are indeed able 
to transmit mechanical signals. 

The msyor collagen type I -binding integrins are al01 
and a201 [18-20] while c&pl and a901 have been re- 
ported to interact with this ligand but apparently with 
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lower affinity [21, 22]. Little is, however, yet known con- 
cerning the collagen-binding integrins in cartilage. It has 
been reported that a201 from fetal bovine chondrocytes is 
affinity purified on collagen type 11-Sepharose [23]. 

Recent studies have shown that articular chondro- 
cytes express a number of integrins [23-26] but their 
ligands in cartilage are not fully defined. In the present 
study we identified chondrocyte integrins with affinity 
for collagen type II and in addition we investigated 
changes in expression of mRNAs encoding collagen 
type II, aggrecan, and various integrin subunits in re- 
sponse to dynamic mechanical stress. 

MATERIALS AND METHODS 

Materials, Collagenase (type ID was obtained from Worthington. 
Bovine serum albumin (BSA), phenyl methylsulphonyl fluoride 
(PMSF), leupeptin, pepstatin A, lacto peroxidase, glucoseoxidase, and 
rabbit anti-mouse IgG-agarose were purchased from Sigma Chemical 
Co. (St. Louis, MO). Protease-free testicular hyaluronidase was from 
Leo Pharmaceuticals, Helsingborg, Sweden. CNBr-activated Sepha- 
rose, protein A-Sepharose and mRNA Quick-prep were from Phar- 
macia, Uppsala, Sweden. Na 125 I was from New England Nuclear 
(Boston, MA). Collagen type II was isolated from nasal cartilage by 
pepsin digestion [27]. Dulbecco's culture medium, MEM, MEMa, 
F12, EBSS, fetal calf serum (FCS), trypsin, penicillin, and streptomy- 
cin were purchased from GIB CO and culture dishes were obtained 
from Nunc, Denmark. Culture dishes with flexible surfaces were 
from Flexcell Corp. (PA). 

Antibodies. The monoclonal antibody against human a 1 -integrin 
(TS2/7) was a generous gift from T. Springer, Boston, and monoclonal 
antibodies against the human integrin subunits pi (P4C10), «2 
(P1E6), a3 (P1B5), a5 (P1D6), and av (VNR147) were from Life Tech- 
nologies Inc. (Grand Island, NY). The monoclonal antibody against 
human a2-subunit (Gil9), with cross-reactivity against bovine cr2- 
integrin, was a kind gift from Dr. Sentot Santoso, Giessen, Germany. 
Rabbit polyclonal antibodies against rat /?l-integrin was a kind gift 
from Kristofer Rubin (Uppsala, Sweden), 1 28] and rabbit polyclonal 
antibodies against human al was from Calbiochem (La Jolla, CA). 

cDNA probes. cDNAs for human proa 1(1) and proa 1(H) collagens, 
bovine aggrecan, and human ol-integrin were kindly provided by Dr. E. 
Vuorio [29], Dr. A Oldberg [301, and Dr. E. Marcantonio [311, respec- 
tively. cDNA fragments corresponding to the Otenninal part of the hu- 
man integrin subunits a2 (nt 3067-3591 as numbered by Takada and 
Hemler [32]), a5 (nt 2679-3176 as numbered by Argraves et al. [33]), 
and av (nt 2655-3188) as numbered by Suzuki et al. [34]) were generated 
by polymerase chain reaction. The oligonucleotides used were: 5'CCA- 
GGATCCACTGGGGTGCAAACAGACAAG (a2 sense primer), 5'CGC- 
GAATTCGCTACTGAGCTCTGTGGTCTC (n2 antisense primer), 5'- 
TAAGGATCCGGTTCCCTGCACCACCAGCAA (o6 sense primer), 
5'CGAGAATTCGACTCAGGCATCAGAGGTGGC (a5 antisense 
primer), 5'TCAGGATCCGAAAAGAATGACACGGTTGCC (av sense 
primer), 5 '(Tn^GAATTCAGTTTCTGAGTTTCCTTC ACC (av antisense 
primer). Total RNA from the human fibroblast cell line 1523 (Human 
Genetic Cell Mutant Repository, NJ) was used as template for synthesis 
of cDNA by M-MuLV reverse transcriptase (Perkin- Elmer Cetus) with 
the antisense oligonucleotides as primers. Each reaction was performed 
in 20 p\ containing 1 p% RNA, 200 ng antisense oligonucleotide, 2.5 units 
of reverse transcriptase, 5 mM MgCl 2 , 1 mM dXTP, and 1 unit of RNase 
inhibitor. The primer was first heated to 68°C for 10 min together with 
the RNA, cooled to 4°C, and then added to the remaining ingredients. 
The reactions were incubated at 42°C for 1 h, followed by 5 min at 99°C 
to inactivate the enzyme. The subsequent amplification reactions were 
carried out after addition of the corresponding sense oligonucleotide in 



a thermal cycler (Gene ATAQ controller, Kabi-Pharmacia AB) with Amp- 
litaq DNA polymerase (Perklin- Elmer Cetus) using 55°C for primer 
annealing and 72°C for polymer elongation. The cDNA products were 
cloned into pUC and sequenced to verify the products. 

cDNA corresponding to the integrin subunit j£?l of rat was obtained 
by screening of a liver cDNA library in ygtll (Clontech) with an 
oligonucleotide derived from the chicken 01-sequence; 5'GAATl'l 1 - 
GCT AAATTTG AAAAGGAG AAAATG AATG C C AAGTGG G AC . The 
rat cDNA fragment used in this study corresponds to nt 1304-2601 
in the mouse 01 sequence published by Tominaga [35J. Oligonucleo- 
tides were synthesized on Gene Assembler Plus (Kabi-Pharmacia) 
from PAC amidites. 

Cell preparation. Bovine chondrocytes were isolated by collage- 
nase digestion of articular cartilage from 4 -6-month -old calves as 
described elsewhere [36]. Briefly, cartilage slices were digested by 
collagenase in EBSS (Earle's balanced salt solution) for 15-16 h at 
37°C. The cells were filtered through a 100-/im nylon filter, washed 
three times in Dulbecco's modified phosphate-buffered saline (PBS), 
and used immediately after the isolation. 

The human chondrosarcoma cell line (105KC) was established as 
described [371. The cells were cultured in 40% Dulbecco's MEM, 40% 
MEMa with deoxyribose, 10% F12, and 10% fetal calf serum, pH 7.5, 
supplemented with 44 mM NaHCO a , 100 nM hydrocortisone, 100 
ng/ml insulin, 25 pg/ml ascorbic acid, 50 IU/ml penicillin, and 50 pg/ 
ml streptomycin. To harvest cells prior to the experiments, the cul- 
ture dish was washed three times with Ca a+ /Mg 3+ -free PBS and the 
cells were incubated with 0.05% trypsin and 0.5 mM EDTA in PBS 
(-Ca 2+ /Mg 3,t ') for 5 min. Detached cells were suspended and washed 
once in Dulbecco's culture medium with 10% FCS and once in PBS. 
In some experiments the cells were treated with hyaluronidase for 
30 min at 37°C and finally washed three times with PBS. 

Surface labeling with l2S L Freshly prepared cells (5-20 x 10 6 ) 
were washed three times with PBS containing 1 mg/ml glucose and 
suspended in 1 ml of PBS-glucose. l25 I (1 mCi) was added to the cells 
together with 32 fA lactoperoxidase (I mg/ml), 12 u\ glucoseoxidase 
(a stock solution of 7.2 p\ glucoseoxidase (1010 units/ml) + 2 ml PBS- 
glucose was prepared fresh), and the cells were kept on ice for 12- 
15 min. The cells were then washed once with Dulbecco's culture 
medium to stop the reaction and three times with PBS. The 125 I- 
labeled cells were then Iysed in 1 ml of 1% Triton X-100, 10 mM 
Tris-HCl, pH 7.4, 100 pg/m\ aprotinin, 2 /ig/ml leupeptin, 2^g/ml 
pepstatin A, 1 mM PMSF, 1 mM MnCl 2l and 1 mM MgCl 2 for 1 h 
on ice. The lysate was centrifuged for 30 min at 10,000 rpm and the 
pellet was discarded. 

Coupling of collagen type Il-Sepkarose. Collagen type II was 
equilibrated in 0.4 M NaCl, 20 mM NaH 2 P0 4 , pH 7.8, and mixed 
end-over-end with the washed CN Br -Seph arose overnight (10 mg 
protein/ml Sepharose). The Sepharose was then washed once with 
0.2 M glycine, pH 8.0 (blocking buffer), incubated with the blocking 
buffer for 5 h at 14^, arid washed once with PBS and twice with 
0.1 M acetic acid. The collagen-Sepharose was stored in 0.1 M acetic 
acid. The control -Sepharose was treated the same way except that 
protein was not added. All steps were performed at 4°C. 

Affinity purification. Collagen type II-Sepharose (1 ml) and the 
control -Sepharose (0.5 ml) were equilibrated with at least 20 vol of 
0.1% Triton X-100, 10 mM Tris-HCl, pH 7.4, 1 mM PMSF, 1 mM 
MnCl 2 , and 1 mM MgCl 2 . lw Mabeled cell lysate was passed twice 
over the control -Sepharose and then incubated with the collagen- 
Sepharose end over end for 2-3 h. The collagen-Sepharose was 
washed (15 gel vol) with the equilibration buffer containing 75 mM 
NaCl and bound proteins were then eluted with 20 mM EDTA, 10 
mM Tris-HCl, pH 7.4, 1 mM PMSF, 10 X 0.5 ml. The eluted protein 
peak was passed over a gelfiltration column (PD10, Pharmacia, Swe- 
den) equilibrated with TBS (Tris-bufFered saline) containing 1% Tri- 
ton X-100, 0.15 M NaCl, 0.1% BSA, 1 mM CaCl 2 , 1 mM MgCI 2 , 1 
mM PMSF, and then eluted with the same buffer. Samples of the 
affinity-purified proteins were then either precipitated by ethanol or 



498 



HOLMVALL ET AL. 



immunoprecipitated by antibodies followed by separation on 4-12% 
SDS-PAGE and visualized by autoradiography. 

Immunoprecipitation. Radiolabeled proteins were immunoprecipi- 
tated from cell lysates and from the affinity-purified material. The cell 
lysates were precleared either with 100 //g/ml rabbit IgG together with 
100 //l of protein A-Sepharose (1:1 slurry in PBS) or with 50 /il of 
rabbit anti-mouse IgG conjugated to agarose. The samples were centri- 
fuged for 5 min at 3000 rpm and the pellet was discarded. The pre- 
cleared cell lysate or affinity-purified samples were incubated overnight, 
end-over-end, with 5 p\ of monoclonal antibodies (01, 01,02, o3, a5, 
or av) or 50-100 //g/ml of the polyclonal antibodies (ffl and al) followed 
by 100 pi protein A-Sepharose slurry or 50 fj\ anti- mouse IgG-Sepha- 
rose for 45 min. The agarose beads were centrifuged for 5 min at 10,000 
rpm, washed four times with 1% Triton X-100, 0.5 M NaCl, and 10 
mM Tris-HCl, pH 7.4, and once with 10 mM Tris-HCl, pH 7.4. All 
steps were performed at 4°C. SDS-PAGE sample buffer (100 /il) and 
5% /3-mercaptoethanol were added to the washed immunoprecipitate 
and the samples were boiled for 5 min with or without 0-mercaptoetha- 
nol. The immunoprecipitated proteins were separated by 4-12% SDS- 
PAGE and visualized by autoradiography. 

Mechanical stimulation. Bovine chondrocytes or human chondro- 
sarcoma cells were grown in six-well silicon elastomer-bottomed culture 
plates with an amino surface (Flex I culture plates, Flexcell Corp., 
McKeesport, PA). In some experiments the dishes were coated with 10 
^g/m) of collagen type II in PBS. The mechanical stimulation experi- 
ments were performed with the Flexercell strain unit (Flexcell Corp.). 
The stress unit is a modification of the unit initially described by Banes 
et at. [38, 39 1 and consists of a computer-controlled vacuum unit and 
a baseplate to hold the culture dishes. Vacuum (around -18 kPa) is 
applied to the dishes via the baseplate, which is placed in a cell incuba- 
tor. When a precise vacuum level is applied to the system, the culture 
plate bottoms are deformed to a known percentage elongation which is 
maximal at the edge and decreases to the center. The strain is trans- 
lated to the cultured cells. When the vacuum is released the plate 
bottoms return to their original conformation, In the described experi- 
ments the culture plate bottoms were deformed to 24% maximal elonga- 
tion (around average 10% increase in surface area) in a cyclic (2 s on, 
2 s off) manner and the cells were stimulated for 1, 3, or 20 h. 

Northern hybridization. At the end of the mechanical stimulation 
experiments the dishes were placed on ice and the cells were immedi- 
ately detached with trypsin-EDTA. Cells from two six- well dishes 
(around 2 X 10 e ) were combined and the mRNA was purified using 
mRNA Quick-prep (Pharmacia, Sweden). The mRNA was precipi- 
tated with ethanol and kept at -70°C until used. The mRNA was 
separated on a 1% agarose gel, transferred to nylon membranes, and 
immobilized by UV crosslink! ng. cDNA probes were 32 P-labeled with 
Random Primed DNA Labeling Kit (Boeringer-Mannheim). The fil- 
ters were prehybridized for 2-4 h at 42°C in 5x SSC, 5x Denhart's 
solution, 1% SDS, 50 /*g/ml salmon sperm DNA, and 50% formamide, 
and then hybridized overnight at 42°C with the same solution con- 
taining 10% dextran sulphate and the specific probe (0.5-1 X 10 s 
cpm/ml). The filters were then washed 2 x 10 min with IX SSC and 
2 x 10 min with O.lx SSC at room temperature and then 5 min or 
longer with O.lx SSC at 68°C. Specifically bound cDNA probes were 
analyzed using a phosphoimage system (Fuji). The change in mRNA 
level of the integrins after 3 h of mechanical stimulation compared 
to the control is related to GAPDH on the same filter to adjust for 
any variation in amount of mRNA between the lanes. cDNA probes 
were stripped by washing the filters in 0.1% SDS, for 1 h at 80°C. 

Statistics. Results in Fig. 4 are presented as means ± SD and n 
- the number of individual experiments. Student's paired t test was 
used to determine statistical significance. 

RESULTS 

Affinity Chromatography of Collagen Type II-Binding 
Integrins on Chondrocytes 

Collagen type II-binding proteins from Triton X-100 
lysates of l25 I-labeled bovine primary chondrocytes 
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FIG. 1. Affinity purification and immunoprecipitation of collagen 
Il-binding proteins from Triton X-100 lysates of 125 Mabeled bovine 
chondrocytes. The lanes show immunoprecipitation of the eluted pro- 
teins with polyclonal antibodies against 01 and al, and a monoclonal 
antibody against a2 (Gil9), respectively. The proteins eluted by 
EDTA from collagen type Il-Sepharose is shown in lane E. The 
proteins were separated by SDS-PAGE (4- 12%) under nonreduced 
conditions and visualized by autoradiography. For details see Materi- 
als and Methods. 



were affinity purified on collagen type Il-Sepharose. 
Figure 1 shows immunoprecipitation of proteins eluted 
from the collagen type II column and precipitated by 
polyclonal antibodies against 01, al, and a monoclonal 
antibody against a2 (Gil9), respectively. The results 
show that the integrins a 101 and a201 were immuno- 
precipitated from the collagen type Il-Sepharose elu- 
ate. A third collagen-binding 01-associated tv-subunit 
with M r around 160 kDa (Fig. 1) was not identified by 
the polyclonal a 1 -integrin or the monoclonal a2-inte- 
grin (Gil9) antibodies. Polyclonal antibodies against 
human a9-integrin (provided by Dr. Dean Sheppard), 
that react with bovine a9-integrin, did not recognize 
this a-integrin subunit (data not shown), suggesting 
that the 160-kDa protein may represent a novel colla- 
gen type II-binding integrin. This is currently under 
investigation. 

Affinity Purification of Collagen Type II-Binding 
Integrins on Chondrosarcoma Cells 

We also affinity purified collagen type II-binding in- 
tegrins from human chondrosarcoma cells. Immuno- 
precipitation of the material eluted from the collagen 
type II column showed that the integrins al01 and 
a201 are collagen type II-binding integrins on the 
chondrosarcoma cells (Fig. 2A). As in the case with 
primary chondrocytes, an unknown integrin slightly 
larger than a2 was precipitated by the /?l-antibody. 
None of the monoclonal antibodies against the integrin 
subunits al, a2, or aS were able to recognize this pro- 
tein. As shown in Fig. 2B the integrin a301 is present 
on human chondrosarcoma cells. Since this integrin is 
a possible collagen receptor we tested whether a301 
could bind to collagen type II but monoclonal antibodies 
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FIG. 2. (A) Affinity purification and immunoprecipitation of colla- 
gen II-binding proteins from Triton X-100 lysates of m I-labeled hu- 
man chondrosarcoma cells. The lanes show immunoprecipitation of 
the collagen type II-binding proteins with monoclonal antibodies 
against the integrin subunits j31, orl, a2 (P1E6), and a3, respectively. 
The proteins eluted by EDTA from the collagen type II-Sepharose 
is shown in lane E. The proteins were separated by SDS-PAGE (4- 
12%) under reduced conditions and visualized by autoradiography. 
(B) Immunoprecipitation of l25 I-labeled human chondrosarcoma cell 
lysate by monoclonal antibodies against the human integrin subunits 
01, ol, a2 (P1E6), a3, or5, and av. The immunopreci pita ted proteins 
were separated by SDS-PAGE under nonreduced conditions and 
visualized by autoradiography. For details see Materials and Meth- 
ods. 



against integrin a3 failed to precipitate a30l from ma- 
terial eluted from collagen type II-Sepharose (Fig. 2A). 

Mechanical Stimulation of Chondrocytes and 
Expression of Matrix Components 

Bovine chondrocytes were cultured for 1 week on 
flexible silicone membranes and then exposed to cyclic 
mechanical stress (15 cycles/min, 24% maximal elonga- 
tion) by the Flexcell system. The mRNA was then puri- 
fied and the mRNA expression was studied by Northern 
blotting. We found that cyclic mechanical stress for 3 
h increased the mRNA levels of both collagen type II 
and aggrecan. Figure 3 shows the results from North- 
ern blot experiments. The changes in mRNA expression 
were related to the GAPDH mRNA. We found in the 
same experiment that expression of /31-integrin was 
not changed after 3 h of cyclic mechanical stimulation. 
The available cDNA probes for ar-integrin subunits 
crosshybridized too weakly to allow detection of the 



bovine mRNAs. Therefore human chondrosarcoma 
cells were used in the subsequent experiments. 

Mechanical Stimulation of Chondrosarcoma Cells 
and Integrin Expression 

Chondrosarcoma cells were cultured (3-7 days) on 
uncoated Flexercell dishes (in the presence of serum) 
and exposed to mechanical stress for 1, 3, or 20 h (15 
cycles/min, 24% maximal elongation). mRNA levels of 
the integrin subunits 01, a2, a5, and orv in stimulated 
cells were compared with mRNA levels in nonstimu- 
lated cells by Northern hybridization. The results from 
seven different experiments are shown in Fig. 4 and 
the mean values are shown in the table in Fig. 4. We 
found in these experiments that the mean mRNA ex- 
pression of a5 increased to a significant level after 3 h 
of mechanical stimulation while the increased mean 
expression of 01, «2, and atv was not significant. As 
shown in Fig, 4, large variations were seen between 
different experiments. In two of the experiments shown 
in Fig. 4, c*2-integrin mRNA increased to a larger ex- 
tent (around 50%) compared to the other experiments. 
In the same experiments mRNA expression of collagen 
type I was also increased (Fig. 4), which may indicate 
that a2-integrin is upregulated when collagen synthe- 
sis increases. We were not able to detect synthesis of 
collagen type II in the chondrosarcoma cells. In some 
of the experiments shown in Fig. 4, the cells were ex- 
posed to mechanical stress for 20 h. The mRNA expres- 
sion at this time point appeared similar compared to 
expression after 3 h. The 20-h results were not included 
in the statistical analysis since this time point was 
absent in some of the experiments. 

In other experiments human chondrosarcoma cells 
were cultured on collagen type II-coated Flexercell 
dishes for 2 days and exposed to cyclic mechanical stim- 
ulation (15 cycles/min, 24% maximal elongation) for 3 
h (Fig. 5). We found in these experiments that mechani- 
cal stimulation increased the mRNA expression of the 
a2-integrin subunit but not the integrin subunits 01, 
al, a5, and only to some extent av. These results indi- 
cate that a2/?l-integrin is a collagen type II-binding 
integrin on chondrosarcoma cells that is upregulated 
in response to mechanical stimulation. In contrast to 
the experiments where chondrosarcoma cells were cul- 
tured on uncoated dishes (Fig. 4) the mRNA expression 
of a2-integrin was higher than the expression of a5- 
integrin, which may indicate that matrix molecules can 
modulate the integrin response to mechanical stress. 

DISCUSSION 

We have found in the present investigation that the 
integrins a 101 and a201 are collagen type II-binding 
integrins on both primary bovine chondrocytes and hu- 
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FIG. 3. Expression of /Jl-integrin (01), collagen type II (CII), and the proteoglycan aggrecan (PG) during mechanical stimulation of bovine 
chondrocytes. A shows pictures of Northern blots from one experiment. The mRNA was divided on two filters: one was hybridized with 32 P- 
labeled cDNA corresponding to 01-integrin followed by GAPDH cDNA and the other with 32 P-labeled cDNA corresponding to collagen type II 
or aggrecan followed by GAPDH cDNA. The lanes show hybridized mRNA from control cells (C) and from cells exposed to mechanical stress for 
1 (1) or 3 h (3). The radioactivity of the mRNA bands was analyzed and the mRNA levels of /31, CU, and PG in relation to the mRNA level of 
GAPDH were determined. In B, the change in ^1-integrin, collagen type II, or proteoglycan mRNA after 1 or 3 h of mechanical stimulation, 
compared to the control, is shown. Results from two individual experiments are presented. For details see Materials and Methods. 



man chondrosarcoma cells (105KC). Integrin a 1/71 has 
earlier been shown to interact with collagen types I, 
IV, and VI, and laminin (reviewed by Kuhn and Eble 
[40]) but this is to our knowledge the first report dem- 
onstrating that a 101 is a receptor for collagen type 
II, Integrin a2pl has been shown to be a receptor for 
collagen type II on fetal chondrocytes while a 1/31 ap- 
pear not to be present at this stage [23, 41]. This may 
indicate that chondrocytes switch collagen type II re- 
ceptors during their development. In addition to a 101 
and a2/?l we have found a collagen type II-binding 
integrin with an a-subunit slightly larger than cr2. This 
integrin-subunit with an M T around 160 kDa is present 
on both bovine chondrocytes and human chondrosar- 
coma cells but we have not been able to identify it with 
any of the antibodies against the integrin subunits atl, 
a2 f <*3, or a9. The possibility that this is a novel a- 
subunit is currently under investigation. The integrin 
a301, on a lung carcinoma cell-line, has been shown to 
interact with collagen type I, although with low affinity 
[22], On the other hand Gullberg et al. [18] reported 
that a301 on rat fibroblasts did not bind to collagen 
type I. We show in this study that aS/31 on human 
chondrosarcoma cells appeared not to interact with col- 
lagen type II as judged from affinity chromatography 
(Fig. 2A). Similar results have been reported by Tuck- 
well et al. [42] using a different chondrosarcoma cell 
line (HCS-2/8). The integrin a301 is also present on 
primary chondrocytes [24] but its ligand in cartilage is 
not known. 

The cartilage tissue depends on mechanical load for 



normal function but the mechanisms are not under- 
stood. The chondrocyte matrix receptors, including the 
collagen type II receptors, very likely play an important 
role as sensors of tension in the cartilage matrix net- 
work and mediate mechanical signals to the chondro- 
cyte. It is known from other studies that cyclic mechan- 
ical stimulation of cartilage increases matrix produc- 
tion while a static stimulation, on the other hand, 
decreases the production of matrix components [9], In 
the present investigation, cells were cultured on flexi- 
ble-bottomed culture dishes and exposed to mechanical 
stress by the Flexercell technique. A negative pressure 
stretches the flexible membrane and the strain is trans- 
ferred to the cells. The strain is variable over the mem- 
brane with the maximal strain close to the edge and 
minimal strain in the middle of the dish. In addition, 
the edge of the dish is not flexible (around 40% of the 
total area) and part of the cells in the dish are therefore 
not stretched. Thus, in one dish both nonstimulated 
cells and cells that are exposed to variable strain will 
contribute to the experiment and changes due to me- 
chanical stress may therefore appear low. It may be 
argued that the chondrocytes are compressed and not 
stretched during loading of intact cartilage but it is 
very likely that collagen and other matrix components 
of the extracellular matrix network, that are linked to 
the chondrocytes, indeed stretch the cells during com- 
pression of cartilage. With this technique we can focus 
on the direct effect of mechanical stretching of the cells. 

Dynamic stimulation of bovine chondrocytes was 
found to increase the mRNA expression of the cartilage 
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FIG. 4. Expression of integrin mRNA in human chondrosarcoma cells during mechanical stimulation. The cells were cultured on uncoated 
dishes, in the presence of serum, and the mRNA was extracted from control cells and after 1, 3, or 20 h of mechanical stimulation. The mRNA 
was hybridized with 32 P-labeled cDNA probes against the integrin subunits 01, al, a2 t a5, av, collagen type I, and GAPDH. The radioactivity 
of the hybridized mRNA bands from Northern blots was analyzed and the mRNA level of the integrin subunits and collagen type I was related 
to the mRNA level of GAPDH. The figure shows the change in integrin and collagen mRNA after mechanical stimulation, compared to the 
control, in seven individual experiments. The table shows the mean mRNA changes at 1 and 3 h ± SD and n represents number of experiments. 
Only the a5-integrin subunit was found to increase to a significant level (P = 0.047) according to Students paired ( test. 



matrix proteins collagen type II and proteoglycan with 
similar results after 1 and 3 h. The synthesis is not 
just an overall increase in mRNA since the changes in 
collagen type II and proteoglycan were related to the 
GAPDH mRNA in the same experiments. The finding 
that collagen and proteoglycan synthesis increases dur- 
ing cyclic mechanical stimulation is in agreement with 
earlier studies where it was found that mechanical 
stimulation of cartilage explants increased the produc- 
tion of proteoglycans and proteins [9-11]. We have not 
investigated whether mechanical stress increased the 
turnover of these proteins. 

Since collagen type II increased during dynamic 
stress it was of great interest to study the expression 
of the collagen type II-binding integrins. We were able 
to study mRNA expression of /?l-integrin on bovine 
chondrocytes and we found, in the same experiments 
where matrix synthesis was studied, that the /?l-inte- 
grin subunit was not changed or in some cases de- 
creased in response to mechanical stress. It is possible 



that the /?l-integrin is not synthesized but rather redis- 
tributed during reorganization of the cell-matrix con- 
tacts when the chondrocytes were exposed to mechani- 
cal stimulation. We were not able to study the effect of 
mechanical stimulation on expression of al- and a2- 
integrin subunits since available cDNA probes hybrid- 
ized too poorly with the bovine al- and a2-mRNA. To 
study the effect of mechanical stimulation on these in- 
tegrin subunits we used human chondrosarcoma cells. 
These cells synthesized aggrecan and collagen type I 
instead of collagen type II and cannot be defined as 
differentiated chondrocytes. However, we found in af- 
finity chromatography experiments that the integrins 
or 1/31 and a201 were present on human chondrosar- 
coma cells and that these integrins bound to immobi- 
lized collagen type II (Fig. 2) which makes these cells 
useful in the mechanical stimulation study. 

Mechanical stimulation of chondrosarcoma cells cul- 
tured on collagen type II-coated dishes increased the 
mRNA expression of a2~ but not al-integrin (Fig. 5), 
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FIG. 5. Expression of integrin mRNA in human chondrosarcoma cells during mechanical stimulation. A shows phosphoimage pictures 
of Northern blots from one experiment. The celte were cultured on collagen type II-coate<i dishes and the mRNA was extracted from control 
cells (C) and after 3 h of mechanical stimulation (3). The mRNA was hybridized with 32 P-labeled cDNA probes corresponding to the integrin 
subunits pi, otl, a2, a5, and av, and GAPDH. The same filter was used for all cDNA probes. The radioactivity of the hybridized mRNA 
bands was analyzed and the mRNA levels of integrin subunits were related to GAPDH mRNA. B shows the change in integrin mRNA level 
after mechanical stimulation, compared to the control. Results from one of two parallel experiments are shown. For details see Materials 
and Methods. 



indicating that a2-integrin subimit may be involved 
in reorganizing the cell -collagen contacts. This is in 
agreement with the report by Klein et al. [43] where it 
is shown that integrin a201 but not a!01 or aZ01 is 
upregulated when fibroblasts are seeded into con- 
tracting type I collagen gels. We also found that expres- 
sion of collagen type I mRNA increased during mechan- 
ical stimulation in those experiments where expression 
of a2-integrin subunit increased to a larger extent (Fig. 
4), which may indicate that a2/?l-integrin is involved 
in synthesis and organization of collagen molecules. 

The response in integrin expression appeared to be 
different when the cells were cultured on noncoated or 
collagen type II-coated dishes, which may indicate that 
matrix molecules can modulate the mechanical signal. 
We found that only the expression of a5-integrin in- 
creased to a significant level when the cells were cul- 
tured on uncoated dishes (in the presence of serum) 
while especially the a2-integrin subunit increased 
when the cells were cultured on collagen type II dishes. 
When the cells were cultured on uncoated dishes, inte- 
grins such as a501 and/or av in combination with 01, 
03, or 05 likely mediated the adhesion to serum compo- 
nents as fibronectin and vitronectin. In some of the 
experiments shown in Fig. 4, the cells were exposed to 
mechanical stimulation for 20 h and the mRNA expres- 
sion was similar at this time point to mRNA expression 
at 3 h. To compare changes in integrin expression on 
the mRNA level with changes on the protein level we 



analyzed expression of the integrin subunits 01, a2, 
a5, and av by flow cytometry in parallel with the exper- 
iments shown in Fig. 5. Mechanical stimulation for 3 
h did not change the number of cell surface integrins 
to a significant level. It is likely that longer periods of 
mechanical stimulation is required to increase integrin 
expression on the protein level 

We have found variations between experiments that 
we at this point cannot explain. It is possible that cell 
density is one of the variables. Cell-cell contacts in 
confluent cultures may reduce the tension in the cells - 
matrix interactions and thereby affect expression of 
integrins. Serum factors may be other variables and to 
minimize variations due to these factors the cells were 
fed with fresh serum-containing medium the day before 
the experiment. The changes in mRNA shown in the 
figures have been related to the GAPDH mRNA. It is 
possible that mechanical stimulation also increases the 
GAPDH mRNA to some extent and small changes in 
integrin mRNA may therefore not be seen. In some of 
the experiments in which the integrin changes were 
related to both GAPDH and /?-actin the results ap- 
peared similar (data not shown). 

The results presented in this investigation will con- 
tribute to understanding the mechanisms involved in 
communication between chondrocytes and cartilage ex- 
tracellular matrix. Although stretching of chondrocytes 
in monolayer cultures is a simplified model of loading 
intact cartilage, the use of such techniques will enable 
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us to identify signal pathways involved in mechano- 
transduction. 
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protein passed through the column and was judged £98% pure 
on a Coomassie-blue-stained SDS/polyacrylamide gel follow- 
ing concentration by vacuum dialysis in a collodion bag 
(Schleicher & SchueU). Selenomethionyl-substituted (SeMet) 
protein was prepared by using the methionine-auxotrophic 
strain 834(DE3) as described (20) and was purified in the same 
manner as the native protein. 

Crystallization. Crystals were grown from hanging drops by 
the method of vapor diffusion. One microliter of 5 mM 
MnOj/S mM 2-mercaptoethanol containing CDlla-I at IS 
mg/ml was mixed with 1 ^1 of a reservoir solution of 14-20% 
(wt/vol) PEG 3350/100 mM MnCl 2 /50 mM sodium acetate, 
pH 5.2, and equilibrated over the reservoir solution. Micro- 
seeding proved useful for both native and SeMet protein. 
Diffraction-quality crystals of SeMet protein were obtained 
only when the crystallization trials were carried out with 
degassed butters in an anaerobic chamber. Crystals typically grew 
to a final size of 0.2 mm X 0.1 mm x 0.1 mm over 3-7 days. Most 
crystals were in space group C2 with unit cell dimensions a = 
131.13 Kb = 45.45 A, c = 66.13 A, and 0 = 99.8°. The largest 
SeMet crystal was in space group P222 with unit cell dimensions 
a = 66.12 A, b « 129.22 A, and c = 45.46 A. This crystal was used 
for multiwavelength anomalous diffraction (MAD) experiments. 

Data Collection and Processing* All data were collected 
from crystals soaked for at least 15 min in reservoir buffer 
containing 20% (wt/vol) PEG and 10% (vol/vol) ethylene 
glycol and flash-frozen in a gaseous nitrogen stream at 
-180°C. Diffraction data were collected from native CI and 
SeMet P222 crystal forms with an R-axis lie detector and Cu 
Ka radiation from a Rigaku RU200 rotating anode. MAD data 
were collected from a single SeMet P222 crystal that was 
transported frozen to the X4A beamline of the National 
Synchrotron Light Source at Brookhaven National Labora- 
tory. MAD data were collected with Fuji HR-5 phosphor 
imaging plates. Two-degree oscillations at <f> and <f> + 180° were 
collected with no overlap for each oscillation range at each 
wavelength. Ail diffraction images were processed with the 
program denzo and scaled with the program scalepack (21). 
(/+) and {/— ) were used for MAD phase determination, and 
partially recorded reflections were used in all cases. Diffrac- 
tion data from different wavelengths were scaled with wvlscl, 
and Fa values and optimal/' and/" values were calculated with 
madlsq (22). 

Structure Determination. Four selenium sites were deduced 
from inspection of f A Patterson and difference Fourier maps, 
and these sites were confirmed with the program heavy. 
Phase determinations were made with the program mlphare, 
and solvent flattening and histogram matching were per- 
formed with the program DM (23). A complete atomic model 
for residues Asn-129 to Tyr-307 was readily built into 2.6-A 
electron density maps by using the program O (24). The 
placement of this model in the unit cell indicated that the 
asymmetric unit must contain an additional molecule. All four 
selenium sites were accounted for by the first model, however, 
and no interpretable density existed for a second molecule. 
The initial model was thus used as a search model for 
molecular replacement with the CI crystal form. Two solutions 
were found in the asymmetric unit of the CI crystal form by 
use of x-plor (25), and all refinement was carried out in this 
crystal form. Several rounds of simulated annealing and/or 
Powell minimization with x-plor alternated with model build- 
ing with O have produced the current atomic model for 
CDlla-I. This model consists of residues Gly-128 to Ile-309 for 
one molecule in the asymmetric unit, Gly-128 to Glu-310 for 
the other molecule (2941 nonhydrogen protein atoms), 2 
manganese ions, 2 chloride ions, and 312 water molecules. A 
chloride ion has been modeled in one of the manganese 
coordination sites, as the distance to the manganese at this site 
(2.55 A) is more compatible with chloride than with water, 
difference Fourier maps indicate a strong scatterer at this 
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position, the charge on a chloride would neutralize the metal 
coordination sphere, and chloride is the only monoatomic 
anion added to the buffer. The rms difference in position for 
all main-chain atoms following superposition of the indepen- 
dent molecules in the asymmetric unit is 0.17 A. Refinement 
statistics and stereochemical parameters for this model are 
shown in Tables 1-3. 

RESULTS 

The CD 11a 1-domain structure consists of a five-stranded 
parallel 0-sheet core surrounded on both faces by or-helices 
(Fig. 1). A short antiparallel strand occurs on one edge of this 
sheet. The position of secondary structural elements in the 
CD 11a sequence is shown in Fig. 2. This structure is very 
similar to that of f lavodoxin (26) and members of the dinu- 
cleotide-binding family of proteins (27). The topology of the 
CD 1 la I-domain is essentially identical to that reported for the 
CD lib I-domain (17), with the exception that a 7-aa deletion 
between 0-strands 3 and 4 (03 and 04) in CDlla relative to 
CD lib results in the shortening of a-helix 5 (a5) to a single 
turn of 3 io- helix. Single turns of 3io-helix are also found at the 
end of «6 (Leu-274 to Phe-277), between aA and 03 (Arg-221 
to Gly-225; not shown in Fig. 1), and between 04 and a6 
(Lys-263 to Gln-266). An unusual turn is found between 02 
and 02' that contains a hydrogen bond from the amide of 
Ser-175 to the carbonyl of Ser-177. This turn appears similar 
to a y turn, with the difference that the direction of the 
main-chain hydrogen bond is reversed. The only residues 
identified to be in highly strained regions of a Ramachandran 
plot by the program procheck (28) are Ser-175, Leu-204, and 
Leu-205. Electron density for each of these residues is per- 
suasive, and stabilizing hydrogen bonds exist in alt cases. 

The residues whose side chains coordinate the metal ion in 
the CDlla and CDllb I-domalns are completely conserved 
[the so-called MIDAS motif (17)], but the manner in which the 
metal is coordinated differs slightly. As shown in Fig. 3 for the 
CDlla I-domain, the side chains of Ser-139, Ser-141, and 
Asp-239 directly coordinate the bound metal while the side 
chains of Thr-206 and Asp-137 are hydrogen-bonded to coor- 
dinating water molecules. In the CDllb I-domain the Thr-206 
homologue directly coordinates the metal while the Asp-239 
equivalent is hydrogen-bonded to a coordinated water mole- 
cule. Comparison of the CDlla I-domain structure with the 
published figures of the CDllb I-domain suggests that these 
differences in coordination may be achieved by a rotation of 
the coordinated metal ion. Other than affecting the interac- 
tions with Thr-206 and Asp-239, the principal effects of such 
a rotation would be to alter the orientation of the most 
solvent-exposed metal coordination position. The differences 
in metal coordination seen in the CDlla and CD1 lb structures 
may thus reflect a difference between I-domains with protein- 
liganded and solvent-exposed metal-binding sites. There seems 
little reason to believe any significant structural or functional 
differences exist between Mn 2+ - and Mg 2+ -bound forms of 
I-domains, and any variations in the physiological effects of 
these ions seems likely to be due to their differing affinities for 
I-domains (15). 

Another notable difference between the CDlla and CDllb 
I-domain structures appears to be the disposition of al relative 
to the body of the I-domain. The extent of al is identical in 
CDlla and CDllb, and comparison of the al sequences in the 
two molecules reveals identical residues at 50% of the positions 
and residues conserved in type at >90% of the positions. 
Despite these similarities, al appears to have undergone 
significant rigid-body motion when the structure of the CD1 la 
and CDllb I-domains are compared. A likely source for this 
motion is found by examination of interraolecular contacts for 
CDlla. al forms the C terminus of I-domains, and the C 
termini of the two CDlla I-domains in the asymmetric unit of 



hoc. Natl. Acad. Set. USA 

Vol. 92, pp. 10277-10281, October 1995 

Biophysics 

Crystal structure of the I-domain from the CD 1 la/CD 18 (LFA-1, 
cnfiZ) integrin 

(metal-binding site/protein stntcture/cell-ceU adheslon/von Willebrand disease) 
AlDONG QU AND DANIEL J. LEAHY* 

Department of Biophysics and Biophysical Chemistry, Johns Hopkins University School of Medicine, 725 North Wolfe Street, Baltimore, MD 21205 
Communicated by Thomas D. Pollard, Johns Hopkins University School of Medicine, Baltimore, MD, July 5, 1995 



ABSTRACT We report the 1.8-A crystal structure of the 
CDUa I-domain with bound manganese ion. The CDlla 
I-domain contains binding sites for intercellular adhesion 
molecules 1 and 3 and can exist in both low- and high-affinity 
states. The metal-bound form reported here Is likely to 
represent a high-affinity state. The CD1 la I-domain structure 
reveals a strained hydrophobic ridge adjacent to the bound 
metal ion that may serve as a ligand-binding surface and is 
likely to rearrange In the absence of bound metal ion. The 
CDlla I-domain Is homologous to domains found in von 
Willebrand factor, and mapping of mutations found in types 
2a and 2b von Willebrand disease onto this structure allows 
consideration of the molecular basis of these forms of the 
disease. 



CD1U/CD18 (LFA-1, aJ32) is a member of the integrin 
family of cell surface receptors. Integrins consist of a 120- to 
180-kDa a subunit (CDlla in this case) and a 90- to 110-kDa 
0 subunit (CD 18 or 02 in this case) that are noncovalently 
associated single-pass transmembrane proteins. The bulk of each 
integrin subunit is extracellular, where it typically functions as a 
receptor for extracellular matrix molecules or counterreceptors 
on the surface of apposed cells (1). CDlla/CD18 is expressed on 
all leukocytes and mediates adhesion to a variety of cell types that 
express one or more of the CD1 la/CD 18 ligands intercellular 
adhesion molecule 1 (ICAM-1), ICAM-2, and ICAM-3. The 
processes mediated by CDlla/CD18 interactions include adhe- 
sion to the endothelium and extravasation at sites of inflamma- 
tion and adherence of activated T cells to target cells (2). A subset 
of integrin a chains, including CD 1 la, contain an inserted domain 
(1-domain) of —190 aa that is homologous to the family of von 
Willebrand Factor (vWF) A-type domains (3, 4). The I-domain 
has been associated with ligand binding in each of the I -domain- 
containing integrins (5-11), 

Many integrins do not normally exhibit high affinity for 
ligands and must become activated for an interaction with 
ligand to be observed (1, 12, 13). The conversion to a high- 
affinity state is typically transiently induced after appropriate 
physiological stimuli to the integrin-bearing cell. The produc- 
tion of monoclonal antibodies that specifically recognize the 
active state of integrins and the observation of altered bio- 
physical properties following ligand binding have led to the 
belief that a conformational change accompanies the transi- 
tion to the high-affinity state in integrins (1). The mapping of 
both ligand-binding and active-state antibody epitopes to the 
I-domains of I-domain-containing integrins indicates that any 
activation-dependent conformational change is likely to in- 
volve the I-domain (7, 8, 14). The presence of a conserved 
divalent cation-binding site in I-domains and the requirement 
of divalent cations for ligand binding indicate that the metal- 
bound form of the I-domain is likely to represent a high- 
affinity state (6, IS). A regulated affinity for ligand is also 
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observed for the interaction between the vWF A domains and 
the platelet receptor GPIb (16), suggesting that conforma- 
tional regulation of affinity for ligand may be a general feature 
of this type of domain. 

We undertook an x-ray crystallographic study of the CDlla 
I-domain to investigate the structural features of affinity 
modulation and ligand binding in this domain and to provide 
a basis for modeling homologous domains in other proteins. 
Recently, the crystal structure of the I-domain from CDllb 
with bound magnesium was reported (17). The CDllb I-do- 
main amino acid sequence matches the CDlla sequence at 
33% of the positions, and the CDllb structure showed these 
domains to possess a flavodoxin-like tertiary structure and 
allowed identification of a set of conserved residues involved 
in coordinating the metal ion. We report here the refined 1.8-A 
crystal structure of the CDlla I-domain with bound manga- 
nese ion.t A strained hydrophobic ridge adjacent to the bound 
metal ion is seen that may be involved in ligand binding and 
that is likely to undergo rearrangement in the absence of bound 
metal. We have also mapped von Willebrand disease (vWD)- 
causing mutations found in vWF A domains onto the CDlla 

1- domain structure and consider molecular mechanisms that 
may underlie different forms of vWD. 

MATERIALS AND METHODS 

Expression and Purification of the CDlla I-Domain. A 
DNA fragment encoding residues Cys-125 to Gly-311 of 
human CDlla (CDlla-I) was amplified by reverse transcrip- 
tion-PCR from the monocytic cell line THP-1 (18). The DNA 
sequence of this fragment was determined and was found to 
agree with published sequences (3) with the exception of a T 
-» C mutation that results in an Arg at position 189 instead of 
a Trp. Since multiple independent inserts contained this 
mutation and the proofreading Pfu polymerase was used, this 
mutation may represent an isoform. The CDlla gene fragment 
was subcloned into the pETllc expression vector and trans- 
formed into Escherichia coU BL21(DE3) and 834(DE3) cells 
(19). Three to 4 hr after induction of logarithmic-phase cells 
with isopropyl 0-D-thiogalactopyranoside, the cells were har- 
vested and lysed by sonication. The CDlla-I protein was found 
in the insoluble fraction of the lysate and resolubilized in 7 M 
urea/5 mM MnCl 2 /10 mM Tris, pH 7.5/40 mM 2-mercapto- 
ethanol. The resolubilized pellet was dialyzed in successive 
steps over 2 days into 5 mM MnCl 2 /10 mM Tris, pH 7.5/5 mM 

2- mercaptoethanol. A precipitate was removed by centrifuga- 
tion, and the supernatant was concentrated by ultrafiltration 
and loaded onto a Pharmacia Mono-Q column. The CDlla-I 



Abbreviations: ICAM, intercellular adhesion molecule; vWF, von 
Willebrand factor, vWD, von Willebrand disease; SeMet, selenome- 
thionyl-substituted; MAD, multiwavelength anomalous diffraction. 
*To whom reprint requests should be addressed. 
tThe atomic coordinates and structure factors have been deposited in 
the Protein Data Bank, Chemistry Department, Brookhaven Na- 
tional Laboratory, Upton, NY 11973 (reference 1LFA, 1LFA-SF). 
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Table 1. MAD structure-factor ratios and anomalous 



scattering factors 



A, A 




Structure-factor ratio* 




Anom.t 


0.9871 


0.9793 


0.9790 


0.9686 


/'(«) f(«) 


0.9871 


0.032 


0.045 


0.034 


0.032 


-4.03 0.51 


0.9793 




0.047 


0.032 


0.049 


-9.77 3.95 


0.9791 






0.058 


0.037 


-7.09 5.55 


0.9686 








0.048 


-3.59 4.00 



•Ratio = (rms (AlFI))/(rms (IjFI)), where AF is the Bijvoet difference 
at one wavelength (diagonal elements) or the dispersive difference 
between two wavelengths (off-diagonal elements). Centric data were 
merged to a single value and are thus not shown. The Bijvoet 
difference at Al may be taken instead as an upper limit of the noise 
of the anomalous signals. 

t Anomalous components of the selenium scattering factors as a 
function of wavelength as determined by maolsq (22). 



Table 2. Data collection statistics 







Resolu- 


No. of 


Complete* 






Crystal 


A, A 


tion, A 


reflections 


ness, % 






pm 


0.9871 


30-16 


10,170 


80.5 


63 


19.1 


pm 


0.9793 


30-16 


10,207 


80.8 


6.7 


19.6 


pm 


0.9790 


30-2.6 


10,105 


79.9 


7.3 


19.0 


pm 


0.9686 


30-Z6 


10,162 


80.5 


6,7 


18.1 


CI 


1.54 


30-11 


21,810 


95.5 


3.8 


21.6 


CI 


1.54 


30-1.8 


27,543 


76.0 


4.0 


20.3 



R„ m and completeness values were calculated by considering Bij 
voet's equivalent. R^m - 100 x 2*2,l//(h) - <J(h))\/XkX^i(h). 



Table 3. Refinement and stereochemical statistics for C2 



crystal form 


R value 


0.190 (F > 2a t 6.0-1.8 A), 0.193 (all F, 6.0-1.8 A) 


R free 


0.251 {F > 2a, 6.0-1.8 A), 0.256 (all F, 6.0-1.8 A) 


rms deviation 




Bonds, A 


0.009 


Angles 


1.9° 


B value 


1.2 /1.3 (bonds/angles, main chain) 


Avg. B, A 2 


13/2.7 (bonds/angles, side chain) 


14.9 (protein), 26.9 (solvent) 



A subset of the data (5%) was excluded from refinement and used 
for the free R-vahie calculation (25). All data for which IF) > 2a were 
used in the refinement. R value = XllF 0 l - IF C !I/XIF 0 I. 



the crystal structure reported here interact in such a way that 
residues 305-308 intercalate between al and the body of the 
molecule. As the GDlla I-domain is normally embedded in the 
much larger CD 11a polypeptide, this interaction is almost 
certainly an artifact of crystal packing, al appears nonetheless 
quite labile, and this lability may prove a contributing factor to 
any conformational changes associated with the activation of 
CD1 la/CD 18 for ligand. A more complete consideration of 
structural differences between the CDlla and CDllb I-do- 
mains awaits direct comparison of atomic coordinates. 

DISCUSSION 

We have determined the high-resolution crystal structure of 
the I-domain of CDlla with bound manganese ion. The 
CDlla I-domain has been shown to contain a binding site for 
the CD1U/CD18 ligands ICAM-1 and ICAM-3 (7), but some 
manner of activation is required for this binding to be ob- 
served. This activation is believed to be accompanied by a 
conformational change in the integrin, most likely involving 
the I-domain. The ability of manganese ion to induce the active 
state and the requirement of divalent cations for ligand binding 
indicate that the manganese-bound form of the CDlla I-do- 
main is likely to represent a high-affinity state of the molecule. 



Prvc. Natl, Acad. ScL USA 92 (1995) 10279 




Fio. 1. Ribbon diagram of the CDlla I-domain. The manganese 
ion is shown in purple and the side chains of Ser-139, Ser-141, and 
Asp-239 are shown in green with red oxygen atoms. The N and C 
termini, the 0-strands (yellow arrows), and the a-helical segments are 
labeled. This figure was made with the program molscript (26). 



The presence in the CDlla I-domain structure of a strained 
hydrophobic ridge with main-chain contacts to the loop pri- 
marily responsible for coordinating the metal ton is consistent 
with both the existence of a conformational change upon 
activation and that the metal-bound state represents this active 
form. As shown in Fig. 3, Leu-203, Lcu-204, Leu-205, and 
Met-140 form a solvent-exposed hydrophobic ridge adjacent to 
the metal-binding site. In addition to the energetic cost of 
exposing these hydrophobic residues, the main-chain torsion 
angles of Leu-204 (</> = -126, = -138) and Leu-205 (<f> = 
-82, jjf = -159) exist in highly unfavorable regions of </>, 
space. These strained conformations are stabilized by the 
presence of the manganese ion through multiple main-chain 
hydrogen bonds between these residues and the metal- 
coordinating loop (residues 137-141). The presence of main- 
chain contacts between the hydrophobic ridge and the metal- 
coordinating loop suggests that this conformation is potentially 
independent of the amino acid sequence and may be a general 
feature of metal-bound states of I-domains. Metal coordina- 
tion is also likely to affect the conformation of leucines 
203-205 through their immediate successor in amino acid 
sequence, Thr-206, which forms hydrogen bonds with a metal- 
coordinated water in the CDlla structure and directly coor- 
dinates the metal in the CDllb structure (17). The confor- 
mation of the hydrophobic ridge is also stabilized through 
multiple hydrogen bonds to the unusual 0-turn (residues 
174-176) that contains the only other residue in the CDlla 
I-domain, Ser-174, with unfavorable main-chain torsion angles 
(4> = -155, ^ » -108). Thus, two energetically strained loops 
exist whose conformations are stabilized directly and indirectly 
by the metal-coordinating loop. Significant rearrangements in 
these regions seem likely upon removal of the metal ion and 
may underlie the conformational change believed to occur 
during the transition between high- and tow-affinity states of 
CDlla/CD18. The presence of this exposed hydrophobic 
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130 140 150 160 170 180 190 

. Bl • oU i 62 B2' « ofl . 

CDlla C I KGtATDLVPLPIXSSHSI^PDSFOKI I^FHKDVHKKtiSin 1 - * SYQPAAVQPSTS YKTBFOPSDYVKRKDP 
vWP-Al (513) L DL VFLLDG S SRLSKAKFBVL KAFWDMKER LR I SQKWVR V AWEY • • 52aa • • 

VWF-A2 (734) l^VAFVLEQSDKIGEADFNRSKEElffiEVIQRMDVGQDSIHVT\njQY • -54aa- • 

PSA 7310000000006106851053003001200441383—4210000000371510010330466340 

200 210 220 230 240 250 260 

CDlla DAU.KHVKHMLLL WTFGAir^ATEVFRBEWARPDATKVLI I ITDGEATDSGNIDAAKDI IRY I IGIO 

vWP-Al RPBASKI ALLLMA5QB P -lSaa* VIVIPVGIG 

VWF-A2 REQAPNLVYMVTGNPAfl -9aa* IQWPIGVG 

PSA 5100570811564010020032005400366320157042000000014032976053056030300000 



270 280 290 300 310 

» <* . . a7 . 

CDlla KHFQTKESQETLHKFASKPASEFVKILDTPEKLKDLFTELQKKIYVIE 
VWF-Al •I9aa<- AFVLS SVDBLBQQRDEIVS YLCDL& 

VKP-A2 • • 1 6aa • • PILIQDFETLPREAPDLVLQRCC 

PSA 64066880152024001952750022054063064015512662798 

Fio. 2. Sequence alignment of the CD1 1 a I-domain and vWF A domains. The amino acid sequence of the CD Ha I-domain is shown with residues 
involved in coordinating the manganese colored purple and exposed hydrophobic residues near the manganese-binding site colored green. The 
secondary-structure assignments obtained by using the algorithm of Kabsch and Sander (27) as implemented in procheck (28) are indicated. Sites 
of type 2b vWD-causing mutations in the vWF Al domain are colored red, whereas sites of type 2a vWD-causing mutations in the vWF A2 domain 
are colored blue. Fractional solvent accessibility (FSA) is shown in green for each residue in the CDlla structure. The FSA is the ratio of the 
solvent-accessible surface area of a residue in a Gly-Xaa-Gly tripeptide vs. that in the CDlla I-domain structure. A value of 0 represents a value 
from 0.00 to 0.09, 1 represents 0.10 to 0.19, and so on. 



region does not lead to aggregation of this domain as judged 
by dynamic light scattering, however, and this domain is soluble 
to at least 15 mg/ml in aqueous solution. 

The exposed hydrophobic ridge provides a plausible binding 
site for the ICAMs, Considerable free energy could be gained 
by burying these residues at an appropriate intermolecular 
interface, and several hydrophobic residues in ICAM-1 and 
ICAM-3 exist in positions likely to be solvent exposed and near 
residues that affect the CDlla/CD18-ICAM interaction 
when mutated (e.g., residues 44-46 and 66 in ICAM-3 and 
residues 42-44 and 64 in ICAM-1) (29). The proximity of this 
hydrophobic ridge to the metal-binding site makes involve- 
ment of these residues in ligand binding consistent with 
speculation that an exposed coordination site on the metal ion 
may coordinate an acidic side chain from a ligand molecule 
(17). Only one position in the exposed hydrophobic ridge 
identified in CDlla remains hydrophobic for both CDllb and 
CDllc, suggesting that a high degree of hydrophobictry in this 
region is not a general requirement for I-domain activation and 
may be specific to the interactions of CDlla. The probable 
presence of I-domain-like structures in integrin 0 subunits 
(17), however, indicates that structural rearrangements in 
I-domain-like structures may prove a general feature of affin- 
ity modulation by integrins. 

The homology between the CDlla I-domain and A-typc 
domains from vWF allows mapping of the position of vWD 
causing mutations in the Al and A2 domain of vWF onto the 
CDlla I-domain structure. vWD is an hereditary bleeding 
disorder of man that results from abnormalities of vWF (16). 
An alignment of CDlla and vWF amino acid sequences is 
shown in Fig. 2. By using the fractional solvent accessibility of 
the amino acids in CD 11 a structure as a guide, the hydrophobic 
0-strands of these domains could be confidently aligned. Gaps 
in the sequence alignment were left in less certain regions. All 
but two of the type 2b vWD-causing mutations catalogued in 
ref. 30 are shown in red in Fig. 4 and can be seen to cluster in 
a single area of the molecule. The two mutations not shown 
could not be confidently placed in the CDlla sequence, but it 
is likely that they map to this area also. The majority of these 
mutations occur at solvent-exposed sites (Fig. 4). The affinity 
of vWF for its platelet receptor, GPIb, is normally not observ- 
able, and an activation event is required for a high-affinity 
interaction. Mutations causing type 2b vWD result in a gain- 



of-function phenotype in which vWF has a constantly high 
affinity for GPIb. Mutations at several positions of a ligand- 
receptor binding site are more likely to decrease the affinity of 
the interaction than increase it as is seen in type 2b vWD, and 
mutations of solvent-exposed residues are unlikely to alter the 
global structure of the molecule. We therefore speculate that 
the vWF Al mutations cause type 2b vWD by interfering with 
an interaction of vWF Al domains that normally inhibits GPIb 
binding (either sterically or by inducing an inactive conforma- 
tion) and that the site of these mutations does not represent the 
GPIb-binding site. A scanning mutagenesis study of vWF led 
to a similar conclusion (31). 

Sites of type 2a vWD-causing mutations in the vWF A2 
domain are shown in blue in Fig. 4. The sites of these mutations 




FlO. 3. Diagram of the manganese coordination site. Solvent- 
exposed hydrophobic residues near the manganese-binding site are 
shown along with the residues and two waters involved in coordinating 
the manganese Jon. Dots indicate hydrogen bonds. Not shown is a 
chloride ion that occupies the sixth manganese coordination site. This 
figure was made with the program sbtor (31). 
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Fto. 4. Sites of vWD-causing mutations. A representation of the 
CD 11 a I -domain backbone is shown in white with the manganese 
shown in purple. Side chains of sites of type 2a vWD-causing mutations 
are shown in blue and sites of type 2b vWD-causing mutations are 
shown in red. The mutation sites are identified in Fig. 2. The side 
chains shown are those of CD 11 a. This figure was made with the 
program setor (31). 

are not localized and seem to reflect the multiple molecular 
mechanisms that can give rise to the type 2a vWD phenotype. 
In v general, mutations at exposed or hydrophilic sites result in 
enhanced proteolysis of vWF in plasma, whereas mutations at 
hydrophobic sites result in impaired biosynthesis of vWF (30). 
Not all type 2a mutations fit this pattern, but identifying the 
structural location of future vWD mutations may nonetheless 
prove a useful tool when classifying vWD subtypes and con- 
sidering possible molecular mechanisms of various forms of 
vWD. 
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